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5INFLUENCE OF MELTWATER ON THE AMOUNT
AND COMPOSITION OF GROUNDWATER IN
QUATERNARY DEPOSITS IN FINLAND
Jouko Soveri
SOVERI, J. 1985. Influence of zneltwater on the amount and composition of
groundwater in quaternary deposits in Finland. Publications of the Water
Research Institute, National Board of Waters, Finland, No. 63.
The network of groundwater observation stations operated by the National
Board of Waters produces a body of data concerning natural variation in the
quantity and quality of groundwater and factor.s affecting this variation.
In this study the effects of meltwater on the quantity and quality of
groundwater were studied by examining input-output balances in the
saturated and unsaturated soil zones. The conlparison and interdependences
of substance concentrations were investigated using regression analyses and
other statistical methods. The cause-effect relationship between variations in
groundwater quantity and quality were examined with the aid of temporal
series of observations in different groundwater formation regimes. Changes
occurring in meltwater during infiitration, as welI as the effects of meltwater
quality on groundwater acidification, were estimated in shallow aquifers.
Index words: groundwater stations, quaternary deposits, snow, infiitration,
groundwater, chemical variabies, deposition, geohydrological relationships,
acidification.
1. INTRODUCTION
A considerable proportion of the annual precipita
tion in Finland falis as snow. The mean maximum
water equivalent of snow cover varies frorn south
ern to northern Finland between 80 and 220 mm
(Solantie 1981), representing in the south of the
country 15 % and in the north about 40 % of the
annual precipitation. The snow cover lasts in the
south for 110 days on average and in the north for
220 days (Solantie 1977).
The water represented by the snow cover, along
with various material components reaching the
snow by both wet and dry deposition processes
(e.g. metal ions, S and N oxidates) is rapidly
released with the spring thaw into the geohydro
logical circulation. The late winter season and the
period immediately after the spring flood generally
represent the extremes of variation of the ground
water reserve in Finland.
During the winter, after freezing of the ground,
the hydrogeological continuity is interrupted for a
period and groundwater formation is reduced
practically to zero. The groundwater level is
usually at its minimum during the same period. In
winter the changes in the balance of substances in
6groundwater are affected mainly by the solubility
of different minerais. In Finland this effect can be
detected most clearly in rapakivi-granite areas, in
which fluoride concentrations of groundwater al
ways increase during periods of minimum ground
water stage (Soveri and Soveri 1981).
During the spring snowmelt the groundwater
reserves are rapidly filled, usually with accom
panying changes in the material budgets of the
water, which may be either dilution or increase in
concentration.
In Finland and in the other Nordic Countries,
but especially in Canada and in the northeastern
United States, sudden snowmelt and massive acid
doses often occur in the spring. This phenomenon
is known as the spring pH depression in surface
waters and was first described in Sweden by Oden
(1968).
At present and in the near future, acidification
of the environment is a severe environmental
problem in industrialized parts of the world. Areas
having granitic bedrock, shallow and slowiy
weathering soils and waters with low buffering
capacity have been shown to be most sensitive to
acid rain. Many of these areas have been found to
be particularly sensitive during the spring, when a
plug of pollutants accumulated in snow during the
winter months is mobilized within the snowmelt
(Thornton and Eisenreich 1981).
The concentration of toxic metais in drinking
water can increase due to several processes, e.g.:
— deposition of metals in soluble forms (e.g. mer
cury, cadmium)
— leaching of metais from the sediments (e.g.
aluminium)
— corrosion of materials used in reservoirs and
drinking water distribution systems (e.g. cop
per).
No clear evidence of health effects from the
consumption of drinking water contaminated with
metals resulting from acidic precipitation has yet
been reported. But because some potential prob
lems e.g. increased mobilization of harmful sub
stances in drinking water (leaching from watershed
and corrosion) have been identified this subject
requires more attention and research.
A principal objective of this study was to
measure the fluxes of the major dissolved sub
stances in the snowpack — soil — groundwater
system in different geohydrological and climato
logical conditions. The main objectives to investi
gate were:
— chemical composition of snow and its regional
variations
— infiltration and formation of groundwater
— changes in substance concentrations of snow
meit water during the period of infiltration
— temporal variations in and interdependencies of
the amount and quality of groundwater
— material balances of snowmelt water, infiltra
tion water and groundwater
— acidification processes of groundwater
These considerations constitute important basic
data in the development of water supply, particu
larly in sparsely populated areas, where drinking
water must often be taken from well-graded soils.
The research data was mainly obtained from
altogether 54 groundwater observation stations of
the National Board of Waters during the period
1976—1981. The data has in some cases been
complemented by snow and infiitration observa
tions made in 1982, 1983 and 1984.
2. RESEARCH METHODS AND
DATA PROCESSING
2.1 Areas studied and their
hydrogeological representativity
The groundwater observation stations of the
National Board of Waters are background stations
in nearly natural state, located in areas where the
groundwater quality has not been appreciable
affected by local environmental disturbances. The
stations are situated in different climatological and
soi1 type regions and are hydrogeologically unified
groundwater basins or distinct, defined areas
within larger basins. The size of the areas investi
gated varies between 0.2 and 3.0 km2 (Soveri 1975).
The groundwater observations were representa
tive of the whole recharge area investigated,
meaning that the hydrogeological quality and
quantity parameters could be calculated from the
balances of water and materials (Fig. 1).
The groundwater stations were built on differ
ent soil-type regions. The areas were also classified
with regard to land use and vegetation. The struc
ture and stratification of the soil was investigated
in conjunction with the fitting of the groundwater
observation tubes by profile drilling. The main
directions of flow of groundwater in the different
areas were estimated with the aid of surface
topography formations and by measuring the
groundwater level.
Textural and geological grouping of the areas
was carried out on the basis of geotechnical soil
type classification (Korhonen and Gardemeister
77 Piuviometer
Fig. 1. The network of groundwater observation stations of the National Board of Waters and the observational
procedures at the station Alakangas (47). Names of the stations, see TabLe 1.
1975), where the grain-size distribution e.g. for siit
is 0.002—0.06 mm, for sand 0.06—2 mm and for
gravel 2—60 mm. The relative dominances of
different types of bedrock were estimated with the
aid of available bedrock maps (Geological Survey
of Finland). The soi! and bedrock classification of
the groundwater stations was as follows. Num
bering of stations as in Fig. 1 and in Table 1.
Soi! texture:
Coarse-grained; gravel: 4, 6, 7, 19, 25, 37, 41 and 47
sand: 5, 10, 16, 18, 21, 23, 26, 29,
32, 35, 42, 50, 52 and 53
Fine-grained; siit: 2, 22, 28, 34, 39 and 40
clay: 1
Well-graded; gravel!y till: 8
sandy till:
silty till:
Bedrock:
Felsic plutonic rocks; granite: 1, 2, 3, 15, 24, 28, 29,
33, 34, 35, 36, 38, 40,
41, 43, 45, 46, 47, 48,
50, 53 and 54
granodiorite: 7, 10, 12, 27, 37,
and 51
quartz diorite: 25
porphyry rocks: 6 and 9
mica gneiss: 4, 11, 19, 20, 30,
32 and 44
veined gneiss: 17, 18, 21 and
23
mica schist: 16, 26, 39, 42, 49
and 52
amphibolite: 1 and 31
diärite: 22
rapakivi-granite: 5, 13, 14 and
9 Groundwater recorder
Lysimeter
o Groundwater obeervation tube
O Groundwater. frost and colt
moisture measuring tube
•Frost and soit moisture measuring tube
® Groundwater sornpling (s)
o 100km
Silicic schists;
Mafic rocks;
Miscellaneous rocks;
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Table 1. Gharacteristics and descriptions of the groundwater stations and the observations made. Numbering of
stations as in Fig. 1. (c cultivated land, p = peat land, f = forest, s spring, t tube, w = well)
Groundwater No Location Mean aIttude Soil type Land use Observatjons started Sampling
station Lat. Long. ns as.]. Soow Lysimeter Groundwater
Siuntio (1) 60°09’ 24°15’
Karkkila (2) 60°33’ 24°13’
Orimattila (3) 60°44’ 25°50’
Tullinkangas (4) 61°11’ 25°13’
Jomala (5) 60°07’ 19°47’
Perniö j (6) 60°12’ 22°57’
Oripää - (7) 60°55’ 22°41’
Kuuminainen (8) 61°30’ 21°31’
Orivesi (9) 61°40’ 24°19’
Jamijarvi (10) 61°46 22°47
Siikainen (11) 61°52’ 21°-52’
Virrat (12) 62° 14’ 23°49’
Elimäki (13) 60°45’ 26°30’
Valkeala (14) 60°55’ 27°02’
Kotaniemi (15) 61°23’ 28°41’
Parikkala (16) 61°37’ 29°26’
Pertunmaa (17) 61°31’ 26°34’
Pistohiekka (18) 61°34’ 28°01’
Naakkima (19) 62° 13’ 27°08’
Heinävesi (20) 62°25’ 28°58’
Talluskylä (21) 63°06’ 26°56’
Viinikkala (22) 63° 16’ 26° 20’
Kangaslahti (23) 63°25’ 28°05’
Akonjoki (24) 63°50’ 27°29’
Kuuksenvaara (25) 62°39’ 31°01’
Jaamankangas (26) 62°40’ 29°43’
Jakokoski (27) 62°44’ 29°58’
Juutilankangas (28) 63°35’ 28°57’
Rajamäki (29) 62°16’ 21°55’
Taipale (30) 62°35’ 23°20’
Laihia (31) 62°52’ 22°07’
Lummukka (32) 63°08’ 23°23’
Mutkala (33) 61°44’ 26°12’
Vehkoo (34) 62°30’ 24°42’
Aijälä (35) 62°32’ 26°01’
Taikkomäki (36) 62°50’ 24°57
Halsua (37) 63°24’ 24°17’
Haapajärvi (38) 63°47’ 25° 16’
Kälviä (39) 63°52’ 23°25’
Kalajoki (40) 64°15’ 24°03’
Pyhäntä (41) 64°05’ 26°40’
Turtakangas (42) 64°36’ 24°47’
Pudasjärvi (43) 65°24’ 27°33’
Kuusamo (44) 65°55’ 29°11’
Kolmisoppi (45) 64°02’ 28°32’
Lumiaho (46) 64°32’ 29°39’
Alakangas (47) 64°41’ 27°23’
Kullisuo (48) 64°49’ 28°56’
Könölä (49) 66°00’ 24°28’
Lautavaara (50) 66°38’ 26°23’
Vallovaara (51) 66°51’ 28°26’
Sodankylä (52) 67°23’ 26°38’
Muonio (53) 68°08’ 23°21’
Nellim (54) 68°52’ 28°17’
10 sand,clay c 1976 1981
95 silt f, c 1976 —
65 silt f, p, c 1976 —
162 sand,gravel f 1976 1978
10 sand f,c 1976 1981
65 sand, gravel f, p 1976 1983
85 sand, gravel f 1976 1974
7 till f 1976 1977
135 till f 1976 —
140 sand,gravel f 1976 1976
20 till f, p 1976 —
130 till f, p 1976 —
55 till f, p 1976 —
75 sand f,p 1976 1978
100 till f 1976 —
90 sand f 1976 1976
115 silt f 1976 1980
85 sand f 1976 1975
115 sand,gravel f 1976 1980
105 till f,p 1976 1982
120 sand f 1976 1980
115 finesand f 1976 1980
130 sand f 1976 1976
145 sand f,p 1976 1980
155 sand f 1976 1975
105 sand f 1976 1975
145 till f 1976 1981
125 fine sand f, c 1976 1975
135 till f 1976 1980
115 till f 1976
35 silt c, f 1976 1983
80 sand p,f 1976 1980
100 till f 1976 1980
150 till f,p 1976 1975
110 sand f,c 1976 1974
180 till f,p 1976 1980
155 sand f,p 1976 —
105 till f 1976 1981
15 silt, till c, f 1976 1980
30 fine sand f, p, c 1976 1980
175 sand f 1976 1982
80 sand f 1976 1975
215 till f,p 1976 1984
270 till f, p 1976 1975
190 till f 1976 1979
205 till f 1976 1979
165 sand, gravel f 1976 1975
200 till f 1976 1979
45 till f 1976 —
175 sand f 1976 1979
200 till f, p 1976 1980
180 sand f 1976 1979
250 sand f 1976 1980
125 tiU f, p 1976 1979
92.11 Meteorological conditions
Wind speed and direction have a major effect on
the transport of pollutants from their source to the
site of deposition. With increase in wind speed the
amount of air passing over a given area increases
and the Iocal leveis of pollutants are diluted. As a
resuit of this the mixing of components is more
complete and they are spread to a greater distance
from their source. The direction of the wind deter
mines in which direction the pollutants are carried
from their source.
The mean wind directions during the winter
seasons 1975/1976. . . 1980/1981 are presented in
Fig. 2 in the form of wind roses. Each vector
represents the relative proportion of the prevalence
of wind direction calculated from daily observa
tions during the winter season. The most prevailing
direction is marked with an arrowhead. The data
were gathered from the weather stations of the
Finnish Meteorological Institute.
Weather conditions vary considerably in Finland
during the winter season. Although the dominant
wind direction is from south to north, several
other wind directions are also significant. For this
reason it is not possible to present definite trajec
tories for any substances on the basis of relative
concentrations in snow.
Annual variation in climatic conditions was
examined in the areas of Turku, Lappeenranta,
Jyväskylä, Oulu and Sodankylä in the years 1976—
1984 (Table 2). Data were gathered from observa
tions of the Meteorological Institute and of the
Fig. 2. Prevailing winds during the winter seasons 1975/
1976 — 1980/1981 at the weather stations of Turku,
Vaasa, Lappeenranta, Jyväskylä, Joensuu, Oulu, Sodan
kylä, Kuhmo and Ivalo.
Table 2. Values of maximum water equivalent of snow (Wemax), annual precipitation (Pa) and mean air temperature (T)for 1976—1981 along with the corresponding long-term means for the period 1961—1975.
V Years PeriodArea Vanahle
1976 1977 1978 1979 1980 1981 1982 1983 1984 1961—1975
Turku Wemax 110 116 71 102 38 115 147 37 100 105
‘a 455 810 590 670 790 830 650 720 880 610T 3.8 4.5 3.6 4.5 4.6 4.5 5.3 5.7 5.8 4.9
Lappeenranta Wemax 125 105 114 90 145 225 175 110 220 144
‘a 435 690 475 695 685 900 583 718 746 600T 2.2 3.3 2.1 3.5 3.1 3.5 3.8 4.5 4.5 3.7
Jyväskylä Wemax 111 133 94 110 116 241 131 98 202 132
P 520 740 420 720 620 850 580 730 615 660T 1.3 2.5 1.3 2.8 2.2 2.4 2.9 3.4 3.6 2.9
Joensuu Wemax 105 110 85 90 115 224 165 155 230 150
1a 455 575 455 540 660 750 609 767 672 570T 0.6 2.2 0.7 2.4 1.7 2.1 2.4 3.0 3.4 2.4
Oulu Wemax 92 120 82 79 66 178 126 126 130 98
a 385 520 360 600 450 690 k42 679 517 530T
-
- 0.9 1.8 0.8 2.1 1.4 1.2 2.4 2.5 3.0 2.2
Sodankylä Wemax 153 206 160 119 198 226 157 169 175 161
1aa 390 520 410 544 415 620 459 551 506 515
T
—1.8 —1.5 —2.3 —0.8 —2.0 —2.4 —0.4 —0.8 0.0
—0.8
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hydrological office of the National Board of
Waters.
The rnaximum values of the water equivaient of
snow, the uncorrected figures for annual precipita
tion and the mean annual air temperature ali varied
considerably between the regions in different years.
Unusually Iow rainfali was recorded in 1976 and
1978, whereas high leveis of precipitation were
recorded throughout the country in 1981, particu
larly during the winter months. The deviation of
climatic conditions from the mean was also
examined by comparison with the mean conditions
for the years 1961—1975.
2.2 Analysis programme
The quaiity parameters determined of snow,
infiitration water and groundwater, along with the
numbers of observations, are presented in Tabie 3.
A rather large number of the components
determined were present in relatively high concen
trations in the mg 1—1 range. Other components,
such as the heavy metais, were present as trace
constituents at or even below the pg h1 level.
The sensitivity of water analysis has developed
rapidly in recent years. For example, during the
period of this research the detection limits of some
of the heavy metais improved by a factor of ten or
even one hundred. In some cases this has made the
comparison of resuits rather difficult.
Particuiar attention was paid during the study to
the representativity of sampies. Contamination in
conjunction with sampling, sample handling and
the actual site of sampling itself may be of
Table 3. The amount of determinations (n) made of snow
(SW), infiitration water (IW) and groundwater (GW)
during the period 1976—1981.
Amount of detem,,nations
Parameter Symbol Unit GW
pH-value 286 65 2444
Electrical
conductivity Y25 mS m1 291 64 2389
Caicium Ca mg 1—’ 284 53 2220
Magnesium Mg mg 1—1 283 54 2271
Sodium Na mg 1 281 53 2276
Potassium K mg 1 281 53 2247
Total nitrogen N0 mg 1—1 277 64 —
Total phosphorus P° mg h1 275 58 2288
Chloride Cl mg i1 283 64 2331
Suifate S04 mg 11 275 57 2223
Copper Cu pg 1—’ 262 49 2089
Manganese Mn pg 11 266 56 2187
Lead Pb pg i1 278 52 2052
Aluminium Al ttg 1 6 28 1094
Zinc Zn pg 1 266 — 2088
particular significance in the case of analysis of
components present only in very low concentra
tions. The field observations, sampling, sample
handling and analyses were ail carried out in
accordance wjth current instructions in the Nation
al Board of Waters (Erkomaa and Mäkinen 1975,
Vesihallitus 1984a).
The anaiyses were performed as soon as possible
after sampling. The sampies were preserved for
anaiysis according to normal practice as follows:
500 ml (No preservation): S04, Na, K, Ca, Mg, F
lQCml (1 mi 1 + 1 HNO3); Zn, Cu, Pb
250 ml (2.5 mi 8 N2S04);Al
2.21 Snow meltwater
Snow generally contains great many impurities
which may arise from natural sources, locally
created contaminants, or from long range sources
of poiiutants.
Snow sampies were taken at the sites of the
groundwater stations (Fig. 1) using plexiglass
samplers (Fig. 3). The sampier was pushed
vertically into the snowpack with a steady
downwards thrust. Sampiing was carried out
according to the scheme shown in Fig. 3, and was
repeated at different points within a 10 m2 area
until a sufficient volume of sample water (1.75 1)
had been obtained (Vesihallitus 1984a).
From the point of view of the representativity of
the snow sampies it was important that they were
taken from sites at which no melting had yet taken
place. A considerable proportion of the materiais
stratified in the snow is iost during the first stages
of melting. Johannesen and Henriksen (1978)
reported results from both laboratory and field
experiments which indicated that 44—76 %
snowbound pollutants are released during the
meiting of the first 30 % of the snow. Snow
crystals are formed in high, relatively clear air
masses and pollutants are adsorbed to the surface
as the snow passes through polluted air. The
polluted outer surfaces thus give rise to the first
meltwater (Gjessing and Gjessing 1975).
Another condition was that the snow cover at
the sampiing site should represent the mean snow
conditions of the area. Piling up or removal of
snow due to wind drifting should not have
occurred. The primary representativity of the snow
cover was demonstrated at the sampling site by
measuring the depth of the snow or its water
equivalent.
The snow sampies were stored in polythen
bags and transported frozen to the laboratory,
where they were melted at room temperature to a
snow-water mixture in polythen beakers and
homogenized prior to analysis by shaking. A total
of 6 320 analyses were carried out from 486 sampies
over the period 1976—1984.
2.22 Infiitration water
Infiitration means the penetration of meltwater or
rainwater from the soi! surface into the soi!. The
infiltrated water flows through the soil under the
action of gravity as percolation water. In the past
there has been some disparity in the definition of
“infiitration” and “percolation”. The word “per
colation” has been used to describe either the
vertical movement of water in the unsaturated
zone, or the nearly horizontal movement within
the saturated zone. Likewise “infiitration” has
been used both to refer to the movement of rain
water into the soil horizon and more generally to
the movement downwards to the water table
(Morel and Wright 1978).
In this context water collected by the lysimeters
is called for infiitration water.
Infiitration experiments were carried out using
lysimeters (Fig. 4). These are zinc piate vesse!s, of
diameter 1596 mm and depth 1700 mm, which are
1596 mm
.
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Fig. 3. Snow sampling procedures and a diagram of sampling track.
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Fig. 4. Scheme of the lysimeter and the samphng of infiitration water.
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buried into the soil. Both the soi! type and surface
vegetation in the vesseis correspond to those
prevailing in the area. The natural stratification
and the podzoi zones in lysimeter vesseis are
disturbed.
The amount of water filtering through the
lysimeter into the coliection vessel below in unit
time was measured using a recorder. Results from
13 groundwater stations representing a total of 37
observation years were available. Infiitration due to
meltwater and its proportion of the total annual
infiitration, as weli as the reiationship between
infiitration and the formation of groundwater, was
investigated in areas with different soil types.
Infiitration water sampies for chemical analysis
were collected directly into polythene botties from
the mouth of the plastic connecting tube of the
lysimeter. Water quality investigations of infiitra
tion water were carried out during the period
1978—1984 from a total of 64 sampies. The
investigations of water quaiity were carried out in
both coarse sediments and in till soils.
Zinc was not analyzed at ali, due to the danger
of metal contamination in the lysimeter vessel.
Slight contamination was also observed in the case
of copper. Clear cases of contamination were
excluded from the data.
2.23 Groundwater
The groundwater means the subsurface water in
the zone of saturation, having a hydrostatic
pressure equal or higher than atmospheric (Johans
son 1984 ed.).
Groundwater samples were taken from the
permanent observation stations either from springs
or from PVC sampling tubes fixed in the soi! (see
Table 1). In order to monitor seasonal changes and
to facilitate the comparison of results from
different sites, sampies were taken regularly during
the last week of each month from a fixed depth
and using the same standardized sampling pro
cedure (Soveri 1980). A total of about 55 000
analyses from almost 3 000 sampies taken from 54
groundwater observation stations were carried out
during the period 1976—1981.
Changes in the level of groundwater reflect the
balance between its recharge and discharge. The
formation of groundwater due to the spring meit
was investigated at the observation stations by
recording the areal means of groundwater level.
Areal means in this context were specified as the
means ot the groundwater levei observation tubes
distributed systematically over the area (see Fig. 1).
Manuai measurements of groundwater level were
made at 540 observation sites on the first and
fifteenth days of the month. A total of about
78 000 measurements were made. In addition, data
from continuous recording of groundwater level
was available from the permanent groundwater
stations. This data consisted of a total of about
120 000 daily observations. The recorder data were
used in order to determine accurately the time
during which groundwater was formed due to
snowmelt. The increase in groundwater ievel
represents the period during which mixing of
meitwater and groundwater occurred.
2.3 Processing of the data
The results of the analysis of snow, infiitration
water and groundwater sampies are stored in the
registers of the National Board of Waters. The
statistical analysis of the data was carried out using
the computer of the National Board of Waters and
commercially available Biomedical Computer Pro
grams (BMDP 1983).
In addition to the statistical results, the
correlations between different material concentra
tions and the frequency distributions of individual
materiais were printed out in the form of data
matrices. Regression functions, correlation coef
ficients and significance leveis were calcuiated for
the pairs of variabies having the strongest inter
dependences.
Statistical examination of the regional concen
trations was carried out on the basis of the 13
Water Districts of the National Board of Waters.
The areal means of groundwater height were
calculated manually from the water level data of
the observation tubes. Infiitration volumes were
calculated from the recorder curves of the
lysimeters.
3. MATERIAL CONCENTRATIONS
AND THEIR AREAL DIFFER
ENCES IN THE SNOWPACK
Materiais present in snow reflect the level of air
pollution. Atmospheric constituents which find
their way into rain and snow originate from five
major sources:
—
wind suspension of mineral and organic dust
—
sea spray
13
— volcanism
— gas emanation from bedrock, drift and vegeta
tion
— anthropogenic emissions
The first four sources can collectively be called
natural sources. Anthropogenic emissions contrib
ute significantly to the trace metais and acid
content of rain and snow (Thornton and Eisenreich
1981). Garreis et al. (1975) calculated the ratio
between airborne emissions due to human activity
and those due to natural causes for twelve toxic
metais. These ratios, known as “global atmos
pheric interference factors” are: for mercury (80),
lead (70), molybdenum (29), antimony (28),
selenium (14), cadmium (5.2), zinc (4.6), tin (3.5),
arsenic (3.3), copper (2.3), vanadium (1.3) and
nickel (0.9).
Snow may store and after melting suddenly
release great amounts of chemicals. The movement
of impurities with water inside snow has not been
investigated as thoroughly as the movement of
water itself. In general, two types of mixing occur
as impurities niove with meltwater through the
snow:
— molecular diffusion
— mechanical dispersion (Colbeck 1981).
A simple model for pollutant concentrations
during snowmelt was evaluated by Hibberd (1984).
After hirn the percolation of meltwater is not a
homogeneous process; meltwater often follows
preferred channel through the snowpack rather
than percolates downwards as a uniform front of
water.
No systematic study of the material contents of
snow on a nationwide basis has hitherto been
carried out in Finland. Viro (1953) conducted
investigations of snow and rainwater during the
years 1952—1953 but his results are not directly
comparable with those of the present investigation
due to differences between the methods used.
Comparable results for snow have been published
in Norway and Canada since 1960s’ (e.g. Elgmork
et al. 1973, and Wright and Dovland 1978).
In the comparison of substance budget between
snow, infiltration water and groundwater, results
of the concentration in the snow were utilized
directly. Increases in concentrations due to evpor
ation were not taken into account, because the
significance of it during the spring thaw is rather
small. According to Kuusisto (1984), evaporation
accounts for only about 5 % of the thaw.
The snow cover forms a natural base for the
deposition of various materiais, upon which air
pollutants are accumulated stratigraphically.
Loading originating from the atmosphere was
estimated individually for each constituent from
the snowmelt water. The analysis results of the
snow itself were expressed as monthly deposition
during the winter season (mg m2 monthl) with
the aid of the water equivalent data relating to the
deposition.
The deposition describes the local material
loading as a function of time and surface area. The
material concentrations of snow were converted
to mean monthly deposition values representing a
particular winter with the aid of equation (1):
Dm
= 30We (1)
where
Dm = monthly deposition (mg m2)
C = snow bulk concentration (mg 1—1)
We = water equivalent of snow (mm)
= time of deposition (in days)
The regional water equivalent data of snow were
obtained from the monthly data sheet of the
hydrological office of the National Board of
Waters (Hydrological yearbooks 1976—1981) and
the durations of permanent snow cover from the
daily observations of the Finnish Meteorological
Institute.
3.1 Chemical variabies in snow
3.11 Acidity and electrical conductivity
The pH value of rainwater in Finland varied
between 4.4 and 5.7 during the period 1971—1977.
The rainwater and snow cover were markedly more
acidic in the southwest than in the remainder of
the country. The distributions of about 3000
values of rainwater pH and 286 of the pH of
snow cover with respect to the pH value of 4.6
were as follows:
pH Rainwater Snow
>4.6 61% 46%
4.6 15% 14%
<4.6 24% 40%
In Finland the concentration of hydrogen ions
corresponding to the average pH of rainwater of
4.8 is about 35 mol l’. This is e.g. higher than
the corresponding figure for Norway of 25 .t mol
11 (Soveri 1982 ed.).
Acid rain is usually episodic in its occurrence.
The lowest pH value of rain ever measured in
Finland was 2.92 at a background observation
station at Joroinen in 1977. This pH value
corresponds to a hydrogen jon concentration of
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Fig. 5. Mediaa values of the pH and rnean values of the ejectrical conductivity of snowpack during the period 1976
—.
1984 at the observation stations (Fig. 1 and Table 1) of National Board of Waters.
almost 1 500 p mol 1—1 (Kulmala et al. 1982).
The pH of pure rainwater or snow in
equilibrium with the carbon dioxide of the air is
about 5.6. Thus rain or snow with a pH below this
value can be considered as acidic. Of the Nordic
Countries the pH of precipitation is close to this
value (5.5—5.6) only in Iceland (Soveri 1982 ed.).
During the period 1976—1981 the snow sampies
studied in Finland ( 286) had a pH range of 3.7—
6.2 with a median value of 4.6 (Fig. 5).
Regional variations in the pH values of snow
between the northern and southern parts of
Finland are rather small. However, the zone with
the lowest median value of pH is clearly in the
south. The pH value of snow was also exception
ally low in southeastern and eastern Finland.
The four ions usually of most importance to
rainfali acidity are: hydrogen (H+), ammonium
(NH4+), nitrate (N03j and suifate (S042j.
Other ions (e.g. calciurn) may be important under
some conditions. Some of the nitrogen and suifur
containing pollutants are oxidized to flitric and
sulfuric acids, so that the acid content of
precipitation is mainly a secondary result of the
primary emissions (Bangay and Riordan 1983).
The phenomenon of acidic precipitation, com
monly known as acid rain, is acknowledged to he
one of the most pressing current environmental
issues. Man-made atmospheric pollutants are prob
ably the major contributions to acid deposition
especially in the Nordic Countries. In addition,
natural sources of acid precursors are also known
to exist.
The major reason for the acidification of
precipitation is the liberation of oxides of suifur
(S02) and nitrogen (NO) to the atmosphere in
conjunction with the combustion of fossil fuels. It
has been estimated that approximately half the
suifur in the atmosphere on a global scale
originates from natural emissions (NAPAP 1983).
Ammonia, as well as alkaline dust and other
particles of natural origin, can neutralize and offset
the effects of acid rain.
The total concentration of ionizing salts in
snow, determining the electrical conductivity of the
melted water, reflects the amount of salts de
scending from the atmosphere, with deposition.
Increase in acidity is also accompanied by an
increase in electrical conductivity.
During the winter seasons 1976—1981 the
pH
////< 1.7
Electricol
conductivity
mS m1
35
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conductivity of snow was between 0.6 and 8.9 mS
m1. The mean conductivity value for different
years varied between 1.1 and 3.7 mS m1 (mean 2.2
mS m1 and median 2.1 mS m1) (Fig. 5).
Ciear regional differences in eiectrical conductiv
ity values were recorded between the industrial
south of the country and the sparseiy populated
areas of the north.
3.12 Aikali and earthaikaii metais
The concentrations of aikali and earthalkali metais
in rainwater are affected in summer by the
proximity of the sea (Järvinen and Haapala 1980).
During the winter the effect of the sea is only
siight in the Finnish climate.
The concentrations of caicium, magnesium,
sodium and potassium in snow differed consider
ably. In the north, the concentrations of ali four
metais were lower than the average of the country.
In sodium and magnesium concentrations, no clear
effect of the sea was discernabie (Fig. 6).
Concentrations of calciam in the snow varied
between 0.1 and 2.0 mg 1—1 (mean 0.4 mg 1—’ and
median 0.3 mg 11). The mean concentration corre
sponded to a monthly deposition of 10.7 mg m2.
The concentrations of magnesium, were between
0.1 and 1.6 mg i1 (mean 0.1 mg —1 and median 0.1
mg 11). The corresponding monthiy deposition
was 4.1 mg m2.
Sodium concentrations were between 0.1 and 1.7
mg 1 (mean 0.1 mg —1 and median 0.2 mg 1’)
and the corresponding monthly deposition was 7.6
mg m2.
Potassium concentrations were between 0.1 and
1.9 mg 11 (mean 0.2 mg 11 and median 0.2 mg
1—1). The mean concentration corresponded to a
monthly deposition of 6.2 mg m2.
The relationships between the mean concentra
tions of the group of cations investigated in snow
with respect to magnesium were:
Mg<1.5K<1.9Na<2.7Ca
and the corresponding reiationships caiculated for
the depositions were:
Mg< 1.5K<1.9Na<2.4Ca.
In comparison with earlier estimates of deposi
tion (Viro 1953, Buch 1960, Järvinen and Haapala
1980), the deposition figuresreached in this inves
tigation were aimost without exception smaller.
Only the value for magnesium was at approximate
iy the same level as in the eariier estimates (Table
Table 4. Monthiy deposition resuits for calcium,
magnesium, sodium and potassium according to various
authors.
Monthly deposition in mg
ReferenceCa Mg Na K
16.6 10.9 15.3 20.4 Viro (1952—1953)
30.3 3.5 13.2 8.2 Buch (1955—1958)29.7 6.4 14.8 12.5 Järvinen and Haapala
(1971—1977)
10.7 4.1 7.6 6.2 Soveri (1976—1981)
4). The measurement results for the summer
months were affected by severai disturbing factors
such as proximity of the sea, soi1 dust and poilen
raised and transported by the wind, etc.
3.13 Nitrogen and phosphorus
Nitrogen and phosphorus take part in the
bioiogical cycling of materiais as major nutrients.
Considerable amounts of these elements enter the
ground and watercourses from the air (Soveri
1980).
The total nitrogen concentrations of snow varied
between 200 and 1877 pg i’, the mean concentra
tion being 736 pg 1—1. The concentrations were
considerabiy higher in southern Finland than in the
northern part of the country (Fig. 7).
The total annual nitrogen deposition corre
sponding to the mean concentration of nitrogen in
snow was 340 mg m2. This resuit is significantiy
lower than the estimate of 545 mg2 reached by
Järvinen and Haapala (1980), but on the other
hand very much higher than the estimate of 60 mg
m2 presented by Buch (1960). The Water
Research Institute has monitored the quaiity of
precipitation at 50 sampling stations since 1971,
and the deposition values of Buch were coilected
from sex sampling stations since 1954.
Total phosphorus concentrations in snow varied
(2) between 1.0 and 84 pg 1’, the mean value of 18 pg
1—1 corresponding to an annual deposition of
phosphorus of 6 mg m2. The values of phos
phorus deposition obtained were significantly
lower than those calculated from rainwater concen
(3) trations. The summer deposition figures are
exaggerated by windborne secondary particulate
materiai and poilen. The apparent phosphorus
deposition results for the summer season may be as
much as double the corresponding values measured
in winter (Haapala 1972).
The regional variations in total phosphorus
concentrations of snow were rather smail and no
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Fig. 6. Mean calcium, magnesium, sodium and potassium concentrations of snowpack in 1976—1984 at the obser
vation stations of National Board of Waters.
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Fig. 7. Mean total nitrogen and total phosphorus concentrations of snowpack during the years 1976—1984 at the ob
servation stations of National Board öf Waters.
anomalous regions were detected on the basis of
these winter measurements (Fig. 7).
3.14 Chloride and suifate
The proximity of the sea affects the deposition of
both chloride and suifate. According to the results
of rainwater investigations, chloride concentrations
in Finland are higher in coastal areas than
elsewhere. In northern Finland the Arctic Sea also
affects the chloride concentration of rainwater
(Järvinen and Haapala 1980).
The mean chloride concentrations in snow
during the period of this investigation varied at
different observation sites between 0.2 and 3.3 mg
—1 The mean for the whole country was 0.8 mg
11, corresponding to an average monthly deposi
tion of chloride of 20 mg m2. The chloride
concentrations of snow were somewhat higher in
the coastal zone than in the remainder of the
country (Fig. 8).
Deposition of suifate was markedly episodic
even over short periods of time due to climatic
variations. Suifate deposition also showed a
seasonal dependence, winter concentrations being
in most cases lower than the corresponding
summer figures despite the fact that the use of
fossil fueis is greater in winter than in summer
(Nordlund 1982). The suifate concentrations in
snow has been found almost 50 % lower than those
measured in rainwater (e.g. Barry et al. 1984).
These differences were mainly due to the greater
solubility of atmospheric suifur in rainwater than
in snow. The suifur present in the snow cover is in
fact mainly the resuit of dry deposition (Pierson
and Taylor 1981).
The snow sampies analysed for suifate (n 277)
contained between 0.1 and 7.7 mg 11 (mean 2.2 mg
11). This corresponds to a monthly deposition of
suifate of about 61 mg m2.
Clear regional variations were observed in the
suifate concentrations of snow. The level of
concentrations was about 3—4 times higher in
southern Finland than in the north of the country.
The high level of sulfates in the south was
obviously due- not only to domestic emissions but
also to long-distance transportation from other
countries. The proportion of the latter fraction has
been estimated in different investigations as 50—70
Nt0t
—1
.ig t
//// >900 pg
Ptot
1•
2 4085008614
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Fig. 8. Mean chloride and suifate concentrations of snowpack during the period 1976—1984 at the observation
stations of National Board of Waters.
% of the total suifate Ioading (Fig. 8).
The relationship between the mean concentra
tions of the group of anions investigated in snow
with respect to total phosphorus was:
P <41 N0<44 Cl < 122 S04
3.15 Heavy metais and aluminium
(4)
Many investigations have been published in recent
years concerning the heavy metal concentrations
occurring in the environment and their effects on
various biological processes. Most of the heavy
metais are known as environmental pollutants with
a direct deleterious effect on humans. These metais
accumulate in the body tissues and are not
excreted by metabolic processes.
The relative hazard index of a metal is obtained
by dividing the ratio of technological emissions to
natural flux by the relative toxicity of the metal
(Harris and Hohenemser 1978). According to the
environmental hazard index the most dangerous
heavy metal is mercury, with an index value of
40—1600. The other metais received values as fol
Iows: cadmium 13, copper 9, Iead 7 and zinc 4.6.
Although heavy metais are generally regarded
as environmental pollutants, they are in fact
normal components of natural biological cycles and
many of them are actually necessary for life. Heavy
metais are released from the bedrock by several
natural processes, e.g. by weathering, evaporation
and erosion as well as a resuit of volcanic activity.
The metais released from bedrock are eventually
distributed between the various natural cycles of
the elements into atmoshpere, biosphere, hydro
sphere and pedosphere. During recent decades
human activities have slowly altered the natural
movement of materiais and increased the rate of
accumulation of metais in the spheres.
Most trace elements occur adhered to solid
particles in the atmosphere. The evapotranspira
tion of vegetation is emitting trace elements in the
form of metallo-organic compounds as aetheric
vapours. Heavy metais reach the environrnent
mainly via the atmosphere as aerosols, having a
particle size of 0.1—2.0 pm. Metal particlesmay
remain airborne for several weeks and therefore
become distributed over areas far from their
original source (Semb 1978).
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Fig. 9. Mean copper, lead, manganese and zinc concentrations in snowpack, during the years 1976—1984 at the obser
vation stations of National Board of Waters.
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Heavy metais emitted from high-temperature
processes generally originate as metal vapour and
are probably first converted to oxides or carbonates
(Semb 1978). Particles larger than 2—3 pm are
formed primarily by mechanical processes such as
erosion of soil, grinding etc.
The mean background concentrations of copper,
lead, manganese and zinc measured in snow in this
study were usually low and regional variation was
slight (Fig. 9). In the case of copper the level of
concentrations was slightly higher in northern
Finland than in the south of the country. The
measured concentrations were between < 1 and 58
g 1—1 (mean 6 g 1—’ and median 4 tg 1—’).
Lead concentrations of snow were markedly
higher in the southern than in the northern part of
the country, with an overail range of < 1—49 jg 11
(mean 9 pg 11 and median 6 pg 11). The major
factor affecting lead concentrations and their
regional variation in Finland is the density of road
traffic (Salmi 1969). Lead is principally a pollutant
originating from traffic. It reaches the environment
mainly in the form of lead halogenides in car
Table 5. Statistical data on the concentrations of copper,
lead, manganese and zinc in snow and their mean annual
deposition values estirnated from the mean and median
concentrations during the years 1976—1981.
Concentration in snowpack (pg Z) Monrhly deposrion (mg m’)
meter
“
min max mean median mean median
Cu 262<1 58 6 4 2 1
Pb 278<1 49 9 6 2 2
Mn 266 <1 120 25 20 10 8
Zn 266<1 82 15 10 5 3
exhaust fumes. In addition, mining and lead
utilizing industry release considerable amounts of
lead (Soveri 1977). The giobal lead content of soil
has been estimated to be increasing by about 1 0/00
annually as a resuit of deposition from the air
(Ravera 1974).
Manganese concentrations measured in this work
were between < 1 and 120 tg 11 (mean 25 jig 11
and median 20 g 11). Regional variations in con
centration were also recorded in the case of this
metal, the concentrations being higher in the south
than in the north of the country.
The mean and median values of metal concen
trations in snow exhibited a certain degree of
discrepancy. This was due to the great difference
between extreme values and also partly to lowering
of the detection limits during the period of the
study. Clearly erroneous results were excluded
from the data and median values were used instead
of means in the calculations (Table 5).
The aluminium concentrations measured were
between 20 and 54 pg l (mean 30 pg —1 and
median 26 pg 11). Aluminium analyses of snow
were carried out only at six observation sites in the
water districts of Oulu and Kainuu. The results
provide only an estimate of the general level of con
centrations and cannot therefore be compared di
rectly with the remained of the data.
The relationships between the concentrations of
heavy metais in snow were:
Cu<1.5Pb<2.5.Zn<5Mn(<6A1) (5)
and the corresponding relationships calculated
for the depositions were:
Fig. 10. Cumulative distribution of concentration for various constituents of snowpack at groundwater station during
the years 1976—1981.
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Cu<2Pb<3Zn<8Mn<(1OA1)
The relationships between the substance con
centrations of snow and the corresponding deposi
tion values differ from each other mainly due to
regional differences in the water equivalent of
snow.
Cumulative distribution of concentration for
various constituents of snow at groundwater
stations during the years 1976—1981 are given in
Fig. 10. The relationships between the mean
concentrations of cations and anions of whole data
were:
SO4>NC1>Ca>Na>K>Mg>Mn>
P> Zn> Pb> Cu
(6) constituents in snow were examined statistically by
calculation of intercorrelations (Table 7). The
statistical significance of the regression analysis is
described using the following symbols:
= Correlation coefficients are significant at the
level of 99.9 ‘3’c
**
= Correlation coefficients are significant at the
level of 99 %
*
= Correlation coefficients are significant at the
level of 95 %
The following regression functions were calcu
lated for the pairs of data having the highest
degrees and significance leveis of correlation:
725 = 0.6 . S04 + 1.0 r = Q7Q*i* (7)
3.2 Concentrations and deposition
patterns
3.21 Concentrations
The chemical characteristics of snow, pH, electrical
conductivity and elernental concentrations are
presented in Table 6. The interdependences of the
725 0.002 N0, + 0.9 r = 0.62 (8)
Na 0.2 Cl + 0.1 r = Q5355** (9)
S04 = 0.002 N0 + 0.4 r = O.68’ (10)
K = 0.7 Mg +0.1 r= 0.52»» (11)
Pb 0.3 . Zn + 4.2 r = 0.55» (12)
Table 6. Snow analysis results at the groundwater stations during late winter seasons 1975/1976—1980/1981 (see list of
symbols).
Parameter Unit n min max mean mcdlxx S S8 SI
pH 286 3.7 6.2 4.7 4.6 0.4 0.02 0.08
Y25 mS m1 291 0.6 8.9 2.2 2.1 0.9 0.05 0.42
S04 mg 1—1 277 0.1 7.7 2.2 1.9 1.2
— 0.53
Cl mg 1—1 283 0.1 3.3 0.8 0.7 0.5 0.03 0.57
Na mg h” 281 0.1 1.7 0.3 0.2 0.2 0.01 0.75
K mg 1’ 281 0.1 1.9 0.2 0.2 0.2 0.01 0.84
Ca mg l 284 0.1 2.0 0.4 0.3 0.3 0.02 0.83
Mg mg j1 283 0.1 1.6 0.1 0.1 0.1 0.01 0.89
N50 pg 1—1 277 200 1877 736 680 322 19 0.43
P0 pgl” 275 <1 84 18 13 14 1 0.79
Cu pg j1 262 <1 58 6 4 7 0.4 1.27
Mn pg 11 266 <1 120 24 20 19 1.2 0.79
Pb pg 11 278 <1 49 8 6 8 0.5 0.90
Zn pg 1—1 266 <1 82 15 10 15 0.9 1.01
Table 7. Correlarion coefficients berween elemcrits in snowpack during the period 1976—1981.
P1’l ‘15 504 CI N. k C Mg N0 C Mc P6 Zn
pH 1.00
,,, •0.56’”” 1.00
P 0.17”” 0.04 1.00
S04 —0.28”’” Q7Qiii 0.26’”” 1.00
CI 0.27””” Q7ii 0.32”” 0,30””” 1.00
Na 0.11 0.29’”” 0.28’”” Q,3Q 0.53”” 1.00
K 014” 017’” 0.47’”” 0.28”” Ø35iri 0.38””” 1.00
Ca 0,06 0.23’”” 0.22”” 0.43’”” 0.21’”” 0,28”’” 0.34”” 1.00
Mg 0.18’” 0.01 Q3i 0.25”’” 0.20’” 0.52’”” 0.25’”” 1.00
N •0.30””” 0.62’”” 0.22’”” 0.68’”” 0.20’” 0.30’”” 0.22’”” 0.25’”” 0.07 1.00
Cu 0.07 0.18’” 0.04 0.18’” 0.25’”” 0.24”” 0.18’” 0,25’”” 0.10 0.15” 1.00
Mx —0.02 0.08 0.28”’” 0.16” 0.18’” 0.26”’” 0.29’”” 0.29””” 0.05 0.07 0.07 1.00
I’b —0.07 0.27”” 0.16”” 0.28””” 0.24””” 0.35’”” 0.21””” 0.28’”” 0.06 0.35””” 0.47’”” 0.14” 1.00
Zri —0.01 —0.07 —0.16” 0.13” 0.16” 0.30’”” 0.21’”” 0.25’”” 0.04 0.11 0.48’”” 0.22””” 0.55””” 1.00
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Table 8. Correlation coefficients of different properties of snowpack in the areas of Water Districts.
Water district 725/S04y25fN0 NaJCI S04/N0 K/Mg Pb/Zn pH/725 Cu/Zn Mn/Zn Cu/Pb
Helsinki 0.92* 0.61* 0.52* Q73*» 0.08 0.87*» 0.55** Q79*** 0.10 0.89***
Turku 0.90’’’ 0.87** 0.07 0.83* 0.55» 0.37 0.70** 0.58* 0.42* 0.37
Tampere 0.78** 0.80*** 0.51’ 0.74* 0.72* * 0.40 0.82** 0.88 Q7* 0.54’
Kymi Q77** 0.96*** 0.28 0.76** 0.39 0.25 0.57* 0.30 0.01 0.55
Mikkeli Q45* 0.37 0.80*** 0.48* 0.40 0.16 0.72** 0.56* 0.38 0.14
Kuopio 0.67*** 0.30 0.38 0.39 0.08 0.34 0.78*** 0.53* 0.06 0.35
Pohj.Kar;ala Qg5**» 0.88*** 0.85*** Q55*** 0.176 0.48* 0.86*** Q54* 0.30 0.24
Vaasa 0.87 0.64*** 0.68’» 0.87* * 0.60 0.77*** Q5Q* 0.72 0.49 0.44*
Keski-Suomi Q49* Q55* 0.25 0.42 0.34 0.24 0.50* Q54* 0.11 0.14
Kokkola 0.46 Q57** 0.32 Q55* 0.94’ 0.19 0.64** 0.69 0.52’ 0.37
Oulu 0.71»’ 0.74’ 0.90’» 0.55’ 0.33 0.78* 0.63’ 0.68* 0.39 0.60*
Kainuu 0.38 Q54* 0.22 0.68*** 0.07 0.67*** 0.38 0.41 0.01 0.70**
Lappi 0.58** 0.55** 0.34 0.43 0.41 0.80** Q7Q*** 0.86*5 0.26 0.89***
Finland 0.70*** 0.62*** Q53*** 0.68* 0.52** Q55*** 0.56*** 0.48*** 0.22** 0.47***
pH = —0.2 y5 + 5.2 r = —0.56°’» (13)
Cu = 0.2 . Zn + 2.4 r = 0.48* (14)
Cu = 0.3 Pb +2.2 r = 0.47»’» (15)
The correlation coefficients describe the recipro
cal deposition-based relationship between the
values of the data pairs in snow. For example
sulfate and total nitrogen concentrations have the
greatest effect on the electrical conductivity (y25)
of snow. Human activities, long distance transport
of air pollutants and in coastal areas the proximity
of the sea have the greatest effects on the electrolyte
contents of deposition and of snow in the
conditions prevailing in Finland. The effect of
regional factors on the quality of snow is examined
by comparison of correlations in the 13 Water
Districts in Table 8 (see also Figs. 5—9).
The correlation between sulfate concentration
and electrical conductivity was strongest (r =
0.92’’j in the area of the most densely populated
Helsinki Water District. The range of correlations
in the different Water Districts varied consider
ably, depending on e.g. population density and the
level of industrialization. Thus in the sparsely
populated, non-industrialized areas in Kainuu the
correlation coefficient for this pair of data was only
0.38, where obviously other factors than suifates
affected the conductivity.
The correlations between the different heavy
metal concentrations were vety clear in the
sparsely populated areas. Deposition of heavy
metais in these areas corresponds most closely to
the natural balanced state, in which the effect of
human activities is only slight. For example the
correlation between copper and lead was (r =Q.7Q**) in Kainuu and (r = 0.89**) in Lapland.
Again jo Lapland the correlation between copper
and zinc was (r = 0.86*»*), and between lead and
zinc (r = 0.80***).
Some of the correlations between metals were
significant even in the more densely populated
areas. In the Helsinki Water District the correla
tion between lead and zinc was (r 0.87**), and
between lead and copper (r 0.89*).
The effect of the proximity of the sea on the
materiais balance in snow was clearest in the Oulu
Water District, where the correlation between
sodium and chloride was as high as (r = 0.90’’»).
The late freezing of the sea apparently also affects
the elemental concentration in snow.
3.22 Deposition patterns
The depositions of different materials and their
mean and deviation values for the winter seasons
1975/1976. . . 1980—1981 have been calculated in
Table 9 according to equation (1).
The extreme values of deposition varied con
siderably in many cases, due to regional differences
in loading. The reciprocal relationships between
the deposition values were investigated for the
whole country in a similar manner to the snow
analysis results.
The regional comparison was also carried out by
pairs of parameters in the different Water
Districts. The results are presented in Tabies 10
and 11.
The material concentrations of the snow cover
reflect the primary situation feom which the
substances in both watercourses and groundwater
have their origin. The element concentrations of
snow also reveal atmospheric loading. Regional and
local loading have been estimated as deposition
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Table 9. Mean and deviation values of the monthly deposition to the snowcover during the winter seasons
1975/1976. . 1980/1981.
Parameter Unit n min max mean median S Sfx
P0 mg m2 276 0.1 3.3 0.5 0.4 0.5 0.03 0.91
S04 mg m2 278 1.0 295.3 59.4 53.0 35.6 2.14 0.60
Cl mg m2 283 1.4 98.4 21.2 17.6 13.3 0.79 0.63
Na mg m2 282 0.2 42.9 7.6 6.1 6.1 0.36 0.80
K mg m2 281 0.2 46.3 6.2 4.5 5.4 0.32 0.87
Ca mg m2 283 0.5 51.3 10.7 8.6 9.1 0.54 0.85
Mg mg m2 285 0.2 39.0 4.1 3.2 4.0 0.24 0.97
N0 mg m2 276 0.8 62.5 20.1 18.1 10.6 0.64 0.57
Cu mg m2 268 <0.1 1.4 0.2 0.1 0.2 0.01 1.09
Mn mg m2 266 <0.1 3.2 0.7 0.5 0.6 0.04 0.86
Pb mg m2 278 <0.1 1.2 0.2 0.2 0.2 0.01 0.85
Zn mg m2 271 <0.1 3.5 0.4 0.3 0.5 0.02 1.04
Table 10. Correlation coefficients between elements in snow deposition during the period 1976—1981.
fi S04 CI Na 1( Ca Mg N0 Cu Mn Pb Zn
P0 1.00
S04 0.22» 1.00
Cl 33*** C.40** 1.00
Na 0.29** Q3*** 0.48*** 100
K 0.40*** 0.25*** 0.38*** Q34*** 1.00
Ca 0.34*** 0.41*** 0.20** 0.29**» 0.34’ 1.00
Mg 0.13* Q9** 0.37*** 0.18* 0.38* 0.20** 1.00
N0 0.27*» 0.71*** 0.28*** 0.35’ 0.22’ 0.36i** 0.11 1.00
Cu 0.01 0.13* 0.06 0.10 0.07 0.07 0.02 0.15* 1.00
Mii 0.29»» 0.27*i* 0.21** 0.20 0.29*** 0.15* 0.29*** 0.06 1.00
Pb 0.09 0.26*** Q9** 0.38i*i 0.15* 0.29*** 0.05 0.24*** 0.26*** 0.11 1.00
Zn 0.08 0.16* Q7** Q3Q*** 014* 0.23*** 0.06 0.16* 0.16* 0.19* 0.48*** 1.00
Table 11. Correlation coefficients between deposition results by Water District.
Water districts Pt0t/Na SO4/N0 Cl/Na CI/Mg Na/K Na/Ca K)Ca K/Mg Ca/Mg Cu/Zn Cu/Pb Mn/Zn Pb/Zn
Helsinki 0.03 Q7** 0.60** 0.28 Q54** 0.16 0.25 0.01 0.27 0.70’» Q9Q*** 0.18 0.83***
Turku 0.26 Q7i*F 0.56** 0.51’ 0.54** 0.46* Q53*i. 0.64’ 0.38 0.83i** Q73*** 0.21 Q73**
Tampere 0.77» 0.78* 0.90* 0.76* 0.67 0.76*** 0.78’ Q75*»* Q79*** 0.66** 0.04 Q59** 0.36
Kymi 0.05 0.76** 0.10 0.23 0.26 0.41 0.21 0.47’ 0.40 0.21 0.33 0.29 0.39
Mikkeli 0.42 0.79*** 0.60* 0.01 0.60 0.36 Q55** 0.16 Q49* Q5Q* 0.16 0.36 0.33
Kuopio 0.03 0.26 0.12 Q73* 0.35 0.26 0.46* 0.11 0.25 0.45 0.01 0.13 0.27
Pohj.Karjala 0.22 Q73ui** 0.72i* 0.22 0.06 0.33 0.39 Q43* 0.39 0.36 0.07 0.21 0.24
Vaasa 0.76** 0.92*** 0.64*** Q74*** 0.80 0.72*** 0.90’ Q55** Q43* 0.63** 0.48* Q55** 081
Keski-Suomi 0.28 0.67** 0.66** Q54* 0.42* 0.29 0.38 0.46* 0.62** 0.51* 0.41 0.12 0.35
Kokkola 0.23 0.12 0.13 0.05 0.10 0.30 0.65** 0.91** Q54* 0.15 0.21 Q5Q** 0.58**
Oulu 0.08 0.65** 0.44 0.56 0.21 0.29 0.25 0.09 0.15 0.26 20 0.10 0.80***
Kainuu 0.06 0.83** 0.23 0.27 0.35 0.01 0.08 0.05 0.73 0.44 Q73*** 0.12 0.64**
Lappi 0.38 Q45* 0.17 0.06 0.64** 0.11 Q49* 0.01 0.15 0.76** 0.81» 0.15 Q7Q***
Finland 0.29*** 0.71* 0.48*** Q37*** Q34»» Q3*** Q34*** 0.38** 0.20** 0.10 0.16** 0.40* 0.36**
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values, in which both the amount of snow and the
time of deposition have been taken into account.
Of the depositions for the whoie country (Table
10) the best intercorreiations were between the
depositions of suifate and total nitrogen (r =
sodium and chloride (r = O.48»’) and
suifate and chloride (r Q.4Q*).
The correlation coefficients between the deposi
tion of different elements were greater for smaller
regions than for the whole country. This was at
ieast partly due to the fact that regional factors
affecting deposition (industry, population density)
have a significant effect on the internal relations of
materiais in snow. For example in the Helsinki
Water District the best intercorrelations were
recorded between suifate and total nitrogen (r =
0.71»’’), copper and lead (r = 0.90’’j and iead and
zinc (r = 0.83’’»), ali of which are emitted in the
production of energy from fossil fueis (Tabie 11).
4. INFILTRATION OF MELT
WATER AND ITS CHEMICAL
COMPOSITION
4.1 Infiitration in different soi1 types
Snow is a porous materiai and is in this sense
comparabie with soi1. The flow of water through
both snow and soil largely conforms to Darcy’s
classicai equation assuming that the flow rates
remain rather low.
The permeability of liquid through soil and
snow layers depends on the degree of saturation of
the soi1 or snow matrix. The verticai flow is driven
aimost entirely by gravitational forces. The vertical
fiux of water through the snowpack can be ap
proximated e.g. according to the equation of
Bengtsson (1982) as:
•iv •KjO::.,
where
v vertical flux of water
kD = saturated hydraulic conductivity
0» effective water content, defined as
0» =ø—0),
where
a = empirical coefficient
n = porosity of the snow
ø = unit step function
0 = liquid content of the snow
lj = the irreducible liquid content
(16)
(17)
Meitwater on the surface of the ground
infiitrates into the soi! first by filling the pore
spaces and then by moving downwards under the
influence of gravity.
Both the mean size of individual voids and their
total volume are therefore of importance for
infiitration, as is the degree to which the pores are
interconnected.
Infiitration of meitwater begins when the
ground is stili frozen (Lemmela 1972). Freezing of
the ground does not prevent snowmelt infiitration,
although it does to some extent slow down the
process. An exampie of a frozen moraine soi! in
which changes in water content indicate infiitration
in the soi! is presented in Table 12. Increase in soil
moisture in the frozen layers is also partiy due to
the thermal gradient, as a resuit of which moisture
condenses on the soii frost penetration depth in
conjunction with heat transfer.
The degree of saturation of soilwater storage is
highest during the spring flood. The amount of
infiitration depends on the hydraulic conductivity
of the soil and the adsorption properties of both
the water and minerai surfaces. If the amount of
infiltrating water exceeds the saturation capacity of
the soil the excess water is lost as surface or sub
Table 12. Soi! moisture (vol. %) and soil frost depth (broken line) at the Karkkila experimental station in 1971 and
1972 (Soveri and Varjo 1977).
Depth Date of measurcment
cm 8.10. 5.11. 3.12. 7.2. 10.3. 3.5. 30.5. 28.6.
00
10
20 32.4 33.7 33.6 36.1 36.3 47.4 1 33.1 24.9
30 34.3 36.0 34.8 35.0 44.6 - - - 38.5 - - -, 31.6
40 ---345- 35.1- 43.1 -1- 33.1 34.3 41.9— ----37.9---- 31.7
50 38.7 39.1 40.1 - - -35.6- - - 36.1 - - - 37.9- - - 37.9 35.8
60 41.4 40.4 40.5 39.0 - - - 38.9- - 40.9 41.4 39.2
70 42.0 40.7 40.9 40.1 40.5 41.6 41.6 39.7
80 41.6 41.4 41.2 40.2 41.0 43.1 40.5 39.2
25
surface runoff. During the snowmelt season evapor
ation is of only minor significance and the water
requirement of vegetation is slight.
The scheme of soi1 water relations between soil
surface and groundwater is presented in Fig. 11.
When the infiitration due to gravitational forces
ceases the soil moisture content attains the field
capacity value and the surface tension of the soil
water (pF) varies according to the soil type
between 1.7 and 2.3 (Vesihallitus 1976). The
moisture balance of the soil, i.e. the adsorption of
soil water, is then affected particularly by separate
forces such as gravitation, matrix and osmosis
potentiais (e.g. Kristensen 1970).
In fine grained soils the dry crust layer of top
soil is not appreciably permeable to meltwater, but
to some extent retaiis it. In clay and siit soils the
movement of soil water takes place mainly by
capillary action from the groundwater to the soil
surface, from where it is removed by evaporation
(Soveri 1970).
The amount of water infiltrating from meltwater
(IW) and the total annual infiitration (‘a) were
measured by lysimeter. The basis for calculation of
infiitration was the maximum water equivalent of
snow, to which was added the amount of precipita
tion occurring during the thaw season. This total is
referred to below as meltwater (SW).
The infiitration due to meltwater was estimated
from a cumulative infiitration curve by drawing a
tangent to the steepest part of the curve. The
method used for estimation of total infiitration is
presented in Fig. 12.
The meltwater moving freely under the influ
ence of gravity was considered as finished when the
tangent departed from the infiitration curve (see
Fig. 12). The water partly adsorbed on the soil
particles by adhesion and capillarity filtered
through more slowly. In conjunction with the
latter slow filtering the capillary water irnmobilized
during the formation of the frozen soi1 layer is
released. This water corresponds approximately to
the amount of water released from coarse-grained
soils as later infiitration.
The infiitration resulting directly from melting
was always finished before the attainment of the
maximum height of ground water. There is a
certain time lag between infiitration and the
formation of groundwater. The duration of this
time lag is depended on the hydraulic conductivity
of the soil and the infiitration distance.
In the example given in Fig. 12 the dependence
of groundwater formation on infiitration is exam
ined in a sandy soi1 at the Kuuksenvaara ground
water station in northern Karelia. The infiitration
resulting from the spring thaw in 1979 was 68 mm,
Fig. 11. Scheme of the water relations of soil in unsaturated and saturated zones.
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Monthly precipitatior
Fig. 12. The effect of meltwater and precipitation on in
fiitration and the formation of groundwater at the
Kuuksenvaara (25) groundwater station in 1979.
corresponding to 52 % of the total rneltwater (130
mm). It is 29 % of the total annual infiitration (232
mm), which of the uncorrected annual precipita
tion of 595 mm is 39 %. The latter figure
corresponds to the average formation of ground
water from precipitation in the soi! type con
cerned. The true precipitation figures are, due to
systematic errors, on average 15—22 % greater
than those presented in this study. These errors in
the collecting vesseis are mainly caused by
aerodynamic factors and by so-called droplet
adhesion. The errors are smaller in the south of
Finland than in the north (Ekholn and Solantie
1985).
In the summer months (June, July and August)
of 1979 a total of 66 mm of groundwater was
formed from the rainfail of 224 mm. During this
time the level of the groundwater feil continuously
because the amount of infiitration was less than the
amount of excaping groundwater. Reduction in the
groundwater level during the summer months is a
common occurrence. It does not necessarily mean
that groundwater is not being formed, but only
that discharge of the groundwater reserve is taking
place faster than replenishment. In the example in
Fig. 12 on infiitration into the lysimeter occurred
whatsoever during a 17-day period in June-July.
The significance of evapotranspiration is often
considerable during the summer season. Estimated
on the basis of the water balance at the lysimeter
installed at the Kuuksenvaara site, evaporation and
surface runoff together accounted for 158 mm or
71 % of the summer season precipitation (244
mm).
Formation of groundwater was rapid during
September and October of 1979. Of the total
precipitation of 182 mm, infiltration was 82 mm,
leaving the share of evaporation and surface runoff
as 100 mm or 55 % of the precipitation. The rapid
formation of groundwater was due partly to the
high degree of saturation of the soi!, which in turn
resulted from an unusually rainy August.
The proportion of infiitration of meltwater and
total precipitation in sorted and unsorted soils is
examined in detail in Fig. 13 and in Tables 13 and
14. A total of 37 observation years and 13
lysimeters is included in the exarnination.
The proportion of infiitration of meltwater
and annual precipitation varied considerably in
different years in a given soi! type depending on
precipitation and its temporal distribution. In
sorted soils 23—71 % (mean 41 %) of the
meltater filtered through the soi!, whereas in
unsorted soils the infiitration was 17—64 % (mean
39 %). The proportion of infiitration of the total
annual precipitation was in sorted soils 35—88 %
(mean 61 %) and in unsorted soils 25—46 % (mean
39 %).
The contribution of meltwater to the total
annual groundwater reserve was considerably
smaller than was earlier generally believed. In
sorted soils the infiltration of meltwater was only
13—44 % (rnean 28 %) of the total annual infil
tration. In unsorted soils the corresponding figure
was 16—36 % (mean 27 %).
The infiitration of spring meltwater is dependent
on the depth of the frozen layer and on the degree
of moisture saturation of the soi!. The massive
freezing associated with sandy and gravely . soils
reduces the infiitration capacity of the soi!. The
effect of the depth and massiveness of the frozen
layer on the permeability of the soil to water varies
in different years according to the degree of
moisture saturation at the beginning of the freeze,
the cumulative total of frost, the depth of the
snow cover and the date of initiation of the
permanent snow cover (Soveri and Varjo 1977).
In unsorted soil types frozen ground often
occurs as rather irregular zones, which have a
greater permeability to water than that of the
massive layer of frozen ground. This part!y
explains why relative!y more meltwater infiitrates
through ti!l soils than in the area of massive
freezing in sandsoils.
In Fig. 13 the dependence of infiitration on
meltwater and total precipitation in sorted soil
type areas is examined in different soi!s.
The coefficients of the curves describing the
formation of infiitration water indicate almost
without exception that infiitration due to the
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Year tp€ °“ sw
Siit Sand Gravel mm
1980 4 52 44 169
1981 255
212
1976 4 90 6 124
1977 198
1978 129
1979 173
1980 161
1981 261
1982 223
181
1980 2 88 10 132
1981 239
186
1976 —100 136
1977 191
1978 128
1979 184
1980 136
1981 264
‘73
1978 -—80 —20 140
1978 —5 —80 —15 177
1978 —-80 —20 153
1980 124
139
1979 6 85 9 227
1980 259
1981 248
1982 302
259
1980 171
1981 248
1982 264
228
28 min 124
max 264
188
a 1a
mn, mm mm %
49 29 531 335 63
92 36 739 557 75
71 33 635 446 69
46 37 411 192 47
66 33 596 320 54
30 23 455 157 35
74 43 691 332 48
50 31 568 220 39
110 42 738 320 43
108 48 654 248 38
69 39 587 212 44
54 41 653 306 47
80 33 679 393 58
67 37 666 350 53
96 71 378 224 59
86 45 556 287 52
84 66 371 208 56
62 34 463 202 43
74 54 568 291 51
108 41 743 393 53
85 49 513 254 52
64 46 542 476 88
80 45 425 284 67
60 39 405 240 59
70 56 353 200 57
65 47 379 220 58
86 38 643 393 61
75 29 576 292 51
80 32 634 343 54
92 30 563 261 46
83 32 604 322 53
75 44 384 201 52
86 35 597 391 66
105 40 469 343 68
83 37 483 303 63
30 23 353 157 35
110 71 743 557 88
77 41 511 300 61
sw,Pa Iw/Ia
50 15
35 17
48 16
30 24
33 20
28 19
25 22
28 23
35 34
34 44
31 33
20 18
35 20
28 19
36 43
34 30
35 40
40 31
24 25
36 27
34 33
26 13
42 28
38 25
37
37 30
35 22
45 26
39 23
54 35
43 26
45 42
42 22
56 25
47 27
20 13
56 44
36 27
Table 14. The proportion of infiitration of meltwater and of total precipitation in unsorted and fine-grained soil types.
Lysimeter Year Soil type s iW IW/SW ‘a a SW/Pa I’’/1a
station Siit Sand Gravel mm mm SUJU
mm
Vehkoo 1976 80 10 180 30 17 446 172 39 40 17
1980 168 40 24 566 142 25 30 28
1981 399 66 17 802 280 35 50 24
249 45 18 604 198 33 41 23
Kuuminainen 1978 —20 —60 —20 78 50 64 477 141 30 16 35
1979 83 52 63 675 245 36 12 21
1980 74 40 54 566 246 43 13 16
78 47 61 573 211 36 14 22
Jakokoski 1982 —20 —60 —20 225 88 39 543 247 45 41 36
Kuffisuo 1981 26 57 17 266 88 33 617 245 40 43 36
1982 288 82 28 60 278 46 48 29
277 85 31 609 262 43 45 32
Z 9 min 47 20 17 446 141 25 12 16
max 399 88 64 802 280 46 50 36
257 65 37 582 230 38 33 27
Table 13. The proportion of infiitration of meltwater and of total precipitation in sorted and coarse-grained soil types.
Lysimeter
station
Pertunmaa
Pistohiekka
Naakkima
Jaamankangas
Jämijärvi
Juutilankangas
Turtankangas
Alakangas
Nellim
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spring snowmelt is relatively less than the total
infiitration due to annual precipitation. Precipita
tion and its temporal distribution is the most
important factor effecting infiitration and the
formation of groundwater.
At the Jaamankangas and Kuuminainen lysi
meter fields the annual variation in total infiitra
tion was also examined in sand and till soil types
(see 4.11).
4.11 Infiitration in the unsaturated zone
The temporal distribution and duration of infiitra
tion vary in different years (Fig. 14). Summer
rainfail may have a great effect on total infiitration.
Rainfail in itself is not sufficient to explain the
infiitration, the temporal distribution of rainfall is
also important. Changes in soi1 moisture regulate
the relationship between rainfail and the formation
of groundwater. The changes in the soil water
reserve may vary according to the soi1 type and the
depth of unsaturated zone of the soi1 about between
50 and 200 mm. Thus in certain cases even heavy
rainfail may be totally adsorbed into the soil water
zone, from where the water may be evaporated by
capillary action without any contact with the
groundwater (Soveri 1972).
Total infiitration and its annual variation are
largely affected by the following factors:
— the thickness and water retention capacity of
the organic surface
— the degree of saturation and water retention
capacity of the unsaturated mineral soi1
— the particle size and mineral composition and
structure of the soil
— the amount and temporal distribution of pre
cipitation
— evapotranspiration by vegetation
The correlation between infiitration and the
recharge of groundwater was examined in closer
detail at the Jaamankangas groundwater station
during climatically different years (Fig. 15). The
year 1979 was drier and snow equivalent lower than
the mean, whereas 1981 was considerably wetter
and summer rainfali had an unusually great effect
on the recharge of groundwater (see Table 2).
The area of Jaamankangas is a large, unified
groundwater area with considerable importance
from the point of view of water supply. Geologi
cally the area is a delta formation adjoining to the
Salpausselkä range. Within this formation the
surface of the groundwater is at an average depth
of nine metres. The time lag between precipitation
and groundwater recharge in the area is about 30—
45 days.
Fig. 15 illustrates the significance of melting
and summer rainfail in the formation of ground
water during different precipitation years.
The long-term (1931—1960) uncorrected mean
of total precipitation during the period May
October at the meteorological station at Kuopio
Airport was 369 mm. Precipitation during the same
period (May-October) in 1979 was 320 mm but in
1981 it was 500 mm (Finnish Meteorological
Institute, 1979 and 1981).
After the spring thaw of 1979 the groundwater
reserve at Jaamankangas did not increase during
the period of summer precipitation, although slight
infiitration was taking place throughout the period
of observation. Not until the onset of the autumn
rain did infiitration increase to the extent that
replenishment of the groundwater reserve occurred.
In 1981 the water equivalent of snow at the
beginning of the snowmelt was high. In addition,
rainfail during the period June-August was excep
tionally high, 36 % higher than the mean. Further
more, the rainfali was distributed rather evenly
over this 3-month period. Infiitration was also
uniformly high during this observation period and
rhus the groundwater reserve increased continu
ously.
The proportion of infiltration of the precipita
tion at Jaamankangas was 41 % in 1979 and 53 %
in 1981. During the high — rainfali season the
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Fig. 14. Annual infiitration in sandy soil at the Jaaman
kangas and in till soil at the Kuuminainen lysimeter
fields during the period 1976—1981.
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relative proportion of infiitration was considerably
higher than in the drier season, due to the different
degree of saturation of the soi1 in the different
yearS.
The soi! water reserve and especially the
saturation deficit in the soil regulates the perco
lation. During dry seasons in sorted soils the
saturation deficit of the soi1 must first be saturated
before percolation can occur. With the filling of
the saturation deficit the water content of the soi!
approaches equilibrium with the volume of soil
850
cm
900
pores. Only when the moisture balance corre
sponding to the fieid capacity is exceeded does
percolation begin in response to the force of
gravity. If the moisture of the soi1 does not exceed
its saturation deficit, part of the moisture remains
as interstitial water in the soil pores or is lost by
evaporation.
Seuna (1983) has investigated the role of
different regional factors on infiitration by infil
trometer tests. The final filtering of water has best
been explained by the percentage of finest soil
types and by the thickness of the organic layer. A
modification of antecedent precipitation index
describing the moisture deficit of the soi1 was aiso
found to be a significant factor, as was the extent
of stratification of the soi1.
Mustonen (1963) has investigated the effect of
meteorological and regional factors on runoff. He
has obtained the foilowing regression equation
between spring runoff (y) on the one hand and the
water equivalent of snow (x) and spring precipita
tion (z) on the other:
y7+0.53x+0.98z, (18)
200
mm where ali variabies are expressed in mm.
According to Mustonen a rough estimateof the
100 proportion of spring runoff of spring precipitation
and the water equivaient of snow was 2/3 in arabie
) land. The remainder evaporates or formes soil
water and groundwater. This estimate corresponds
rather weli with results obtained by infiitration
experiments in fine-grained soi1 types. In siit soi!
(Vehkoo), which corresponds most closely to the
arabie land of Mustonen, the mean infiitration was
18 % of the spring meltwater during the years
1976, 1980 and 1981. Caiculating indirectiy from
equation (18) the combined proportion of evapor
ation and infiitration was 26 % of the spring
meitwater.
c
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c
0
Fig. 15. The effect of meltwater and precipitation on io
fiitration atid the formation of groundwater ar the
groundwater station ar Jaamankangas, during a rather
dry year (May-October), 1979 (upper figure) and during
a wetter than average season (May-October), 1981
(Iower figure).
4.2 Chemical composition of
infiitration water
Snow meltwater is the primary agent of weathering
and aiso the solution for the transport of the
weathering products. Changes due to acid meit
water aiready begin in the organic topsoil level and
continue in the unsaturated zone. When meltwater
penetrates the soi! profile and reaches the ground
water surface its acidity usually has decreased, due
to buffering processes in the soi!. Buffering is
affected by several factors, the most important of
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which is the concentration of active bases in the
soil (Overrein 1972). The exchangeable base
cations, mainly Ca2±, play a deciding role in
buffering acidification pushes, which are caused by
the temporal discoupling of the jon cycle (Ulrich
and Pankrath 1983 eds.).
The mobility of different weathering products in
soi! and in the soil water system may vary
considerably. Calcium is mobile to some extent,
and sodium is considerably more mobile than
potassium, although both occur in almost equal
amounts in the primary igneous material (Matthess
1982). The selectivity of cation adsorption, for
examp!e, is related to their valency. The mechanism
of anion adsorption and exchange is more complex
and less well known, especiaily for polyvalent ions
as phosphate (Wiklander 1978).
Many natural biological processes take place in
the organic surface layer of the soil and in the root
zone. Such processes inc!ude extraction of nutri
ents from soil by plants, formation of humic and
fulvic acids, production of carbon dioxide by
plants and other organisms, the humification of
organic material and jon exchange. These processes
influence the various material concentrations in the
percolating water and thus also in the groundwater.
As acid meitwater is adsorbed into the soil, it
reacts with minerais by exchanging cations. This
process tends towards a state of dynamic equilib
rium between solid and solution phases by the
mechanism of cation exchange. The hydrogen ions
in the meltwater are replaced by metal ions from
the soi! particles, in particular by calcium, but also
other metal ions of the soil particles. These
reactions continue until dynamic equilibrium is
reached.
Percolating water and dominating natural acids
dissolve calcium, magnesium and potassium from
the surfaces of the soil minerais, and transport the
ions to the groundwater. The weathering of
cations and their exchange with hydrogen are the
main reasons why the pH of the infiitration water
and of the groundwater is higher than that of the
snow me!twater. According to the results of
lysimeter experiments, the pH of meitwater
changes by 2 to 3 units when passing through 170
cm of organic and sandy soil (Soveri 1981).
The dissolved carbon dioxide in percolating
water is also active in destroying minerais (Stumm
and Morgan 1981). If infiitration is rapid,
saturation with C02 occurs first and weathering
takes place when the water reaches the ground
water table. When the infiitration is siow,
weathering may aiready take place in the soil zone
to a large degree and the water is continuous!y fed
with C02, replacing that which is consumed. It is
obvious that the latter type of infiitration wi!l
introduce ultimately more carbonates (HCO3— +
C03•j and more cations to the water (Jacks
1973b).
The composition of the adsorption complex de
pends on the relative concentrations in so!ution
and on the relative affinities of different compo
nents for the solid phase.
Sorptive bonding on the soi1 solid phase may be
caused by a number of different types of
interactions (De Haan 1976):
— Coulombic attraction as a resuit of opposite
electric charges of adsorber and adsorbent
— other forms of physical bonding, due to Lon
don-van der Waals forces
— H-bonding, in which hydrogen atoms serve as a
bridge between the adsorbent and a reactive
group of organic matter
— metal-ion bonding, in which a metal jon serves
as a bridge between adsorber and adsorbent,
sharing bonds with both.
The reactions between the soi! and the soil
water system depend above ali on the mineral
composition of the soi!, the specific surface of soi!
particies and the infi!tration rate. The dark
minerais formed at high temperatures, such as
olivine, pyroxene or hornblende are more easily
weathered than for example K-feldspar, quartz or
muscovite, formed at !ower temperatures.
The ease of weathering of minera!s is directiy
dependent on their formation temperature and in
genera! fol!ows the order of crystallization of
Bowen (1928).
One typical reaction in Finnish precambrian
bedrock is the disintegration and transformation of
calcium silicate, for example the fe!dspar niineral
anortite:
Ca A!2 Si2 08+ 2H + H20
= A12 Si2 O (OH)4+ Ca2 (20)
(Jacks 1978).
If strong acids such as sulfuric or nitric acid
prevail in snow meltwater, the weathering reactions
proceed as:
H2S04+ Ca-silicate
= Ca2 + S0 + C02+ H20 + A12+ (21)
(Eider 1981).
If calcite is present, it disintegrates in the
foilowing way:
In normal conditions,
CaCO3+ H = Ca2+ HC0 (22)
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Thus the concentration of bicarbonate increases.
In acid conditions the following reaction takes
CaCO3+ H2S04
= Ca2+ + S04 + C02 + H20
Since the weathering of the corresponding
minerais are also due to the presence of carbon
dioxide, the reactions wiIl also proceed as follows:
Ca A12 Si2 08+ 2C0 + 3H20
=A12 Si2 05 (OH)4+ Ca2 + 2HC03-
CaCO3+ C02 + H20 = Ca2+ 2HC0 (25)
The latter reactions dominate in areas which are
not exposed to acid precipitation (Soveri 1982 ed.).
In the following the changes occurring in
meltwater during infiitration are exaniined for
different materiais separately and the differences in
concentrations are estimated in sorted and un
sorted soils. The infiitration water sampies were
taken using a lysimeter.
The pH values of the infiitration water were
between 6.0 and 7.4 (median 6.8). The mean pH
change after 170 cm vertical percolation with
respect to the meltwater was +2.2 pH units. This
considerable increase in the pH of the water was
due mainly to the weathering and cation exchange
of alkaline and earthalkaline metais from the soil
minerais. The rapid change in the acidity of
meltwaters occurs in the surface layer of the
unsaturated zone above the groundwater surface,
where weathering is also most rapid (Bjor and
Teigen 1980). Soil weathering and nutrient bal
ances are altered and processes such as solubiliza
tion and mobilization of minerais and metais are
accelerated by increasing the acid concentrations in
soi1 water.
The measured values of electrical conductivity
were between 1.9 and 19.4 mS m1 (mean 8.4 inS
m1 and median 6.5 mS m’), increasing from the
corresponding mean value of the meltwater by
about +6 rnS m1. Increase in electrical conductiv
ity indicates a corresponding increase in the
amount of dissolved salts in the water during
infiitration.
The concentrations of calcium, magrzesium,
sodium and potassium showed the greatest relative
increases in the lysirneter water sampies. The
concentrations were about tenfold compared to the
corresponding concentrations in the meltwater,
and were mainly due to the weathering and jon
exchange of silicate minerais. Calcium concentra
tions varied between 0.2 and 2.4 mg 1—1 (mean 5.4
mg —1 and median 3.1 mg hi), magnesium concen
trations between 0.3 and 7.0 mg 11 (mean 1.3 mg
j1 and median 0.8 mg 1—1), sodium between 0.5
and 3.7 mg V (mean 1.6 mg 1 and median 1.3
mg 11) and potassium between 0.1 and 2.6 mg 1
(23) (mean 1.1 mg —1 and median 0.9 mg 1—’). The rela
tionships between the mean concentrations of the
different metais was:
Mg>0.8K<1.2Na<4.2Ca (19)
In comparison with the balance of materiais in
(24) the meltwater, the concentration of calcium with
relation to magnesium doubled, whereas that of
potassium and sodium slightly decreased.
Sw Iw Iw—Sw
0.4 5.4 +5.0
0.1 1.3 +1.2
0.3 1.6 +1.3
0.2 1.1 +0.9
Calcium concentrations increased most in the
infiitration water (+5 mg 11) and the concentra
tions of the other alkali and earthalkali metais also
increased significantly. The leaching of calcium in
soils increases drastically with increasing acidity of
the precipitation (Bjor and Teigen 1980).
The occurrence and reactions of compounds of
nitrogen and phosphorus in soil have been investi
gated in several different connections.
Nitrogen does not occur to any significant
extent in the minerais of the bedrock and so it is
not released in conjunction with weathering
(Rönkä 1983). The naturally occurring nitrogen
found in the soil is mainly formed as a degeneration
product of organic materaI aiid as aresu1t of de
position from the atmosphere (Soveri 1980).
Adsorption of nitrogen in the soil is slight. Only
positively charged ammonium is adsorbed on soil
particles. The negatively charged nitrate and nitrite
ions can be transported with meltwaters to the
groundwater. Particularly in fertilized soil they
may cause pollution problems. Stewart (1970) and
Pratt et al. (1972) assumed that nitrate moves in
soil at the same rate as water.
The mean level of total nitrogen concentration
in the infiitration water sampies was about 30 %
Iower than that in the meltwater. The loss of
nitrogen was due mainly to the upptake by
vegetation. Nitrogen compounds also take part in
biochemical processes. There is a continuous
turnover of inorganic compounds into organic
compounds and vice versa (Steenvoorden 1976).
The level of phosphorus is low also in the
bedrock. The commonest phosphate mineral is
place:
Ca mg 1—1
Mg mg 1—1
Na mg 1—1
Ka mg 1—1
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apatite, which is highly resistant to weathering
(Pettijohn 1975).
Positively charged phosphorus compounds are
retained rather efficiently by the surface soil layers.
The transportation of these compounds to the
groundwater is therefore only very slight. Accord
ing to De Haan (1973), 90 % of total phosphate
storage occurs in the upper 40 cm and 65 % in the
upper 20 cm of the soi1 profile.
The concentration of total phosphorus de
creased after infiitration to about 25 % of that in
the meltwater. Like nitrogen, phosphorus is also an
important plant nutrient, which is strongly ad
sorbed on soil particles.
Chloride concentrations were between 0.1 and
2.0 mg 1—1 (mean 1.0 mg h1 and median 1.0 mg
h1). The occurrence of chloride in magma rock is
at rather a low level (0.03 %) in Finland (Rankama
and Sahama 1950). A certain amount of chloride is
found in apatite, amphiboles and micas. Chloride
reaches the soil mainly from marinogenic and
anthropogenic sources via the atmosphere. The
concentration of chloride in meltwater and infiitra
tion water is of the same order.
Concentrations of suifate are clearly lower in
snow than in infiitration water, in which the
concentrations vary between 0.6 and 65 mg 1—1
(mean 11.2 mg j1 and median 6.1 mg 1—1).
In the unsaturated zone in aerobic conditions
the suifide minerais are subject to weathering faster
than silicate minerais (Smirnov 1954). During a dry
spell, when the groundwater level is low, minerals
may be oxidized in the unsaturated zone. For
example, suifate and hydrogen ions may be released
from the oxidation of pyrite and then be carried to
the groundwater by percolating water:
2Fe S2+ 702+ 2H0
2Fe++ + 4S0 + 4H
A lower groundwater level, resulting in an
increase in the suifate concentration and thus a
decrease in pH, may be caused by climatic
fluctuations or by human activities such as
ditching, woodcutting or heavy graught on wells
(Soveri 1982 ed., Jacks et al. 1984).
According to Englund (1983) the occurrence of
sulfate in the groundwater reflects mainly the
existence of pyrite in the bedrock. Suifate ions can
also he adsorbed by soils and redused by bacterial
action. This reaction consumes acid and raises the
pH of the soil water environment (Reuss 1976).
Sw Iw Iw—Sw
0.8 1.0 +1.2
2.2 11 —8.8
Copper occurs in the bedrock mainly in
association with suifide ores (CuFeS2). The
differences in copper concentration between differ
ent rock types are great. In dark rock types copper
is found in higher concentrations than in e.g.
limestones and granites.
Copper readily forms stable compounds in
poorly soluble acidic conditions (pH 3.5—5.0).
Furthermore it may also form bonds with other
heavy metals with the aid of humus molecules
(Stevenson 1975). Of the salts of copper, suifates,
chlorides and nitrates are easily soluble whereas
carbonates, hydroxides, oxides and suifides are
poorly soluble.
The copper concentrations in the lysimeter
water sampies varied between < 1 and 70 g 1(mean 14 pg 1—1 and median 6 pg l’). The change
with relation to the median value of copper
concentration in the meltwater sampies was small
(+ 2 pg 1—1).
Lead is the most abundant of the heavy metais
with an atomic number greater than 60. Galena
(PbS), is the most abundant form of Iead in the
natural state. Lead is also found as cerussite
(PbCO3) and angiesite (PbSO4). Of the various
lead compounds, suifate is particularly weakly
soluble in water. Dissolution of lead from the
bedrock is also rather slight.
According to Kauranne et al. (1961) lead
anomalies in humus seems to he caused mostly by
transport of glacial ice. The vertical diffusion of
heavy metais in till is small, therefore these
concentrations seidom are high directly above the
ore exposure.
According to various reports (e.g. Salmi 1969,
Tanskanen 1977 and Sillanpää 1982), airborne lead
is retained very efficiently by the organic surface(26) layer of the soil. Due to this strong adsorption at
the surface, the leaching of lead to lower soil leveis
is rather slight.
The lead concentrations of the lysimeter water
sampies varied between < 1 and 28 g 11 (mean 5
g 1 and median 3 g 11). The median concentra
tion of lead in the infiltration water samples was 3
pg 11 lower than in the meltwater, indicating
adsorption of atmospheric Iead into the soil.
Manganese occurs in mineral form usually as
insoluble manganese dioxide (Mn02), but reacts
for example with sulfur dioxide in the following
way:
C1() mgl1
SO4(i) mgl1
N0 () pg 1—1
P0 () pg 1—1
Sw Iw
736 585
18 5
Iw — Sw
—216
— 13
3 4085008614
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2 Mn0 + 3 SO, — MnSO4+ MnS2O6
with the proportion of soluble manganese suifate.
In nature manganese often occurs with iron
containing minerais (Tiitinen 1981).
The manganese concentrations of lysimeter
water sampies varied between < 1 and 810 ig 1—1
(mean 132 pg 1—1). The level of manganese
concentration in infiitration water was clearly
higher than in meitwater.
Alumirzium is commoniy found in the bedrock
and soil, for exarnpie in feldspars, micas and
hornblende. Due to the pH range of 3—6 in such
environments, the aluminium reieased is found
either as hydroxides or in clay minerais of the
kaolinite, montmorillonite or illite type. When the
suifate concentrations of infiitration water reach a
sufficiently high level the hydroxides or silicates of
aluminium are transformed into basic suifates,
mainly to Al OH S04. The reaction, as proposed
by Eriksson (1981) is the following:
Table 15. Comparison of the median concentrations of
copper, manganese, lead and aluminium in snow (SW)
and in infiitration water (IW).
Concentration pg 1’Parameter IW—SW
Cu 4 6 2
Mn 20 39 19
Pb 6 3 —3
Al 26 50 24
(27) Al (OH)3+ 2 H + SO4
- Al OHSO4+ 2H3 (28)
With the exception of suifate, the compounds
formed by aluminium in presence of strong acids
are ali solubie. The double saits formed in
conjunction with the aikaline metais are also
soluble. Aqueous soiutions of aluminium ions are
weak acids. One of the effects of soil acidification
is the mobiiization of aluminium. The solubiiity of
this metal is pH dependent, with a minimum
solubility at about pH 6 (May et al. 1979).
The aluminiurn concentrations of the lysimeter
water sampies were between 10 and 300 pg 11
(mean 87 pg i1 and median 50 pg 11). In
comparison with the meltwater sampies of 1982
and 1983 the aluminium concentrations in the
lysimeter water sampies were cleariy higher than in
the snow.
The niedian concentrations of copper and iead
did not change significantly during infiitration,
from which it can be conciuded that at least part of
the lead and copper in the infiitration water
originates from the atmosphere. On the other
hand, aluminium and manganese were increased
when water filtered through the soi! in compara
tively large amounts. The concentrations in the
water taken from lysimeter were clearly higher than
those in the snow. The weathering of minerais, as
well as their soiubiiity in water, obviousiy affected
the concentrations ot these metais (Table 15).
The following interrelationship was obtained
between the metal concentrations of the infiitra
tion water sampies:
01
Iw
Fig. 16. Cumulative distribution of concentration for
stations during the years 1976—198 1.
various constituents of infiitration water at groundwater
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Pb<2Cu<l3Mn<16.7A1 (29)
Cumulative distribution of concentration for
various constituents of infiitration water at
groundwater stations during the years 1976—1981
are given in Fig. 16.
The relationships between the mean concentra
tions of cations and anions of whole data were:
SO4>Ca>Na>C1Mg>
K N0>A1>Mn>Cu>Pb>PO (30)
4.21 Concentration patterns in different soil
types
The usual statistical parameters of the pH,
electrical conductivity and elemental concentra
tions of infiitration water are presented in Table
16.
The interrelations between the different lysi
meter water analysis results were examined with
the aid of a correlation matrix (Table 17). The
correlation coefficients describe the interrelation
ship between the concentrations of the data pairs
in the meltwater (r1) and in the infiitration water
(r2). The following regression functions were
calculated for the data pairs of the infiitration
water with the best correlations:
r2 (r1)
S04 1.7 Ca + 1.7 0.73» (Q.43*) (31)
Cl = 0.2 Na + 0.6 0.48» (0.53’») (32)
K = 0.1 Ca + 0.7 0.68» (0.34’) (33)
Mg = 0.3 K + 0.7 0.59’ (0.52j (34)
725 = 2.0 Mg + 6.0 O.54» (0.10) (35)
725 = 0.2 S04 + 6.2 0.66* (0.7Q*) (36)
Y25 = 4.2 K + 3.9 0.61*» (0.17») (37)
725 = 0.7 Ca + 5.2 Q.74» (0.23*) (38)
Table 16. Infiitration water analysis results at the lysimeter field stations during the period 1978—1982 (see list of
symbols).
Parameter Unit n min max mean median S S S/
pH 65 6.0 7.4 6.8 6.8 0.3 0.04 0.05
725 mS m1 64 1.9 19.4 8.4 6.8 4.6 0.57 0.55
S04 mg 1—1 57 0.6 65.0 11.2 5.7 13.3 1.77 1.19
Cl mg 1—1 64 0.1 2.0 1.0 0.9 0.4 0.05 0.44
Na mg 1—1 53 0.5 3.7 1.6 1.3 0.8 0.11 0.51
K mg 1—1 53 0.1 2.6 1.1 1.0 0.7 0.09 0.63
Ca mg 1 53 0.2 24.0 5.4 3.1 5.9 0.81 1.09
Mg rng 1—1 54 0.3 7.0 1.3 0.8 1.4 0.18 1.05
N0 pgl1 64 1 4226 585 200 927 116 1.58
P0 pg 11 58 1 30 4.7 2.0 6.4 0.85 1.36
Cu pg 11 49 <1 70 13.6 5.5 18.5 2.6 1.36
Mn pg 1—1 56 <1 810 131 39 206 27.5 1.57
Pb pg 1—1 52 <1 38 4.9 3.0 6.1 0.84 1.25
Al pgl—1 38 10 - 300 87 50 97 18.3 1.11
Table 17. Correlation matrix of infiitration water sampies.
pH
‘25 I’0 S04 Cl Na K Ca Mg N0 Al Cu Mn Pb
pH 1.00
725 0.25 1.00
P0 0.14 0.02 1.00
S04 0.36 0.66*** 0.16 1.00
Cl 0.03 0.28* 0.07 0.01 1.00
Na 0.02 0.30* 0.46** 0.01 0.48* 1.00
K 0.17 0.61*** 0.23 Q45** 0.25 0.26 1.00
Ca 0.11 Q74*** 0.11 Q73*** 0.32* 0.15 0.68*» 1.00
Mg 0.22 0.54’ 0.01 0.15 Q34* Q4Q** Q.59» 0.51 1.00
N0 - 0.12 -0.09 0.01 0.08 0.08 Q4** 0.14 0.02 0.26 1.00
Al 0.34 0.04 0.11 0.04 0.28 0.08 0.22 0.06 0.02 0.03 1.00
Cu 0.19 0.24 0.14 0.00 0.36* 0.04 0.17 0.25 0.16 0.07 0.03 1.00
Mn 0.19 0.27* 0.07 0.04 0.10 Q33* 0.32* 0.18 Q5Q*** Q3* 0.23 0.20 1.00
Pb 0.15 0.05 0.32* 0.13 0.21 0.09 0.04 0.20 0.19 0.03 0.06 0.17 0.07 1.00
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By comparing the significance leveis of the
correlation coefficients between the quality para
meters in the meltwater and in the infiitration
water, a rough estimate is obtained of the anthro
pogenic or geological cause-effect relationships of
the different material balances.
According to the compared correlations, the soi!
has a clear effect on the relative ionic concentra
tions of suifate and calcium in infiitration water.
Increased deposition of su!fate increases the
weathering of calcium and thus also its leaching
from the soi1. The alkali and earthalkali metais
liberated from the mineral material in conjunction
with weathering significantly affect the total ionic
concentration of the infiitration water, which is
revealed in a clear correlation with electrical
conductivity. A corresponding dependence was not
observed in the meltwater.
The airborne inputs were clearly observable in
the infiitration water in the case of chloride and
sodium. The significance leveis of correlations
between the concentrations of these mobile and
unreactive ions did not undergo significant change
during infiitration (r1 = Q53*** and r2 =
The effect of atmospheric suifate on the electrical
conductivity of meltwater was statistically most
significant (r1 0.70°’»).
No interdependence between heavy metal con
centrations of the infiitration water sampies were
recorded for any pair of data. On the other hand a
highly significant correlation was obtained between
many of the metais in the examination of the data
for meltwater. in a regional investigation by Water
District of National Board of Waters the correla
tions between the metais were in many cases further
clarified. This indicates the importance of regional
factors, particularly in the deposition of metais and
therefore a!so in their relative concentrations in the
meltwater. However, the original ionic proportions
between the different metais change considerably
in the soil during infiitration. These changes are
considered in more detail in Section 4.31.
The change in the substance concentrations of
meltwater during infiitration was examined by a
test series in sandy soil at the Siuntio lysimeter
field in the spring of 1983. At the same time the
movement of the infiltrating pulse of the meit
water in the soil was monitored by the neutron
measurement method.
On the basis of soil moisture observations, the
percolation of meltwater had advanced to a depth
of 40 cm by March 15 and to 160 cm by March 31.
On April 3 the water began to filter through into
the lysimeter vessel. Samplings were carried out on
the seventh, fourteenth and twenty-sixth of April.
Soil moisture measurements were made in both
the lysimeter vessel and the undisturbed reference
point outside the vessel in conjunction with the
sampling. The progress of infiitration was almost
identical in the disturbed and undisturbed soi1
(Fig. 17).
The substance contents of the filtered water
varied between different sampling times. At the
ear!y stages of infiitration the concentrations of
metais and suifate and of a!kali and earthalkali
metais were higher than towards the end of melting
period.
During the spring, summer and autumn of 1984
a lysimeter test series was carried out in Siuntio,
Perniö and Kolmisoppi. The soi1 type in the
lysimeter was coarse sand at Siuntio, stony gravel
at Perniö and sandy moraine at Kolmisoppi. The
analysis results of infiitration water are presented
in Tabies 18, 19 and 20, in which Ir a!so indicates
the rate of infiitration in mm d—. The infiitration
rates were estimated from the recorder curves.
One of the reasons for the strong mobilization
of substance during the spring infiitration is,
however, the weathering taking place in the soil
during winter, when infiitration and leaching do
not occur. The first meltwater efficiently leaches
many of the products of weathering (e.g. Ca, Mg,
SO4 and Al) deeper into the soi1 and thence to the
groundwater.
Disso!ution of materiais from soi! minerais in
the soil water is slight during the snowmelt period.
The infiitration test series also indicated that ma
-
terial concentrations in infiitration- waters usually
decreased with decreasing infiitration rate and
correspondingly increasing solubility time. When
infiitration rates were high, the infiltrated water
cm
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Fig. 17. Soil moisture in a lysimeter vessel and at an un
disturbed reference point at different stages of infil
tration at the Siuntio lysimeter field in 1983.
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also had a higher material concentration. This
generalization also applied to autumn infiitration,
during which material concentrations increased
after the weathering taking piace during the
summer season.
When the amount of infiitration is very small
the concentrations of different eiements often
increase due to the correspondingly long period of
contact between the mineral soil and the soi! water.
In this case the soil water material baiance is
affected mainly by solubility processes, whereas
during the spring thaw the weathering products
iiberated during the winter season are washed out.
The relationship between the calcium concentra
tion of soil water and the rate of infiitration is
presented in Fig. 18 during spring, summer and
autumn infiitration.
The material budget of the infiitration water
samp!es were examined in sorted and unsorted soils.
Sorted soils are composed of only one or only a few
adjoining particle size fractions include in this paper
0
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Fig. 18. Dependence of calcium concentration of infil
tration water on infiltration rate at Kolmisoppi, Perniö
and Siuntio station in 1984.
e.g. highly porous sand and gravel soi! types, where
as unsorted soils have a wide array of particle frac
tions and the exemplified by more impervious till
soi! types. The mean concentrations are presented
in Table 21.
C!ear differences between the material concen
tration of the filtered water were observed in
sorted and unsorted soils. Concentrations of
suifate, copper and lead were greater in coarse and
sorted soils than in unsorted soil types. These
materiais are ali mainly of atmospheric origin. In
coarse-grained soiis the rate of infiitration is much
greater than in fine soi!s, so that the disso!ution of
these ions from the minerai soii to the water, as
weli as their adsorption on mineral grain surfaces,
is iess pronounced. The concentrations of the
typical products of weathering, namely calcium,
potassium, magnesium, sodium and alurninium,
were cieariy greater in unsorted than in sorted
soils.
4.3 Unsaturated zone and acidity
processes
The unsaturated soi! zone affects the formation
and the quaiity of groundwater. The substance
concentration in the meitwater changes consider
ably as the water filters through the unsaturated
zone. Hydrogen atoms of the acidic me!twater
tend to be replaced by base cations from the soil,
with the resuit that the aikaiine content of the soii
water increases.
According to results of the iysimeter experi
ments the median pH-value of the infiitration
water increased on average by 2.2. pH units m
comparison with the meltwater. Increase in pH
aiso refiects the abiiity of the soii to neutralize
acids. The phenomenon is in dynamic equilibrium
as !ong as the buffering processes of the soi! are
sufficient to react with the hydrogen ions of the
incoming water. With increase in the acidity of the
water the extraction of materiais from the mineral
Table 21. Mean concentrations in infiitration water sampies in sorted and unsorted soi! types.
ChemicI parameters
Soil t’pe pI-{ ‘25 so4 CI Na K Ca Mg N,0, Al Cu Mn Pb
mS m pg I• mg mg rng mg mg mg j—l pg 1—1 pg pg pg
Sand, gravel 6.9 8.2 4.9 15.2 0.9 1.5 0.9 5.2 1.0 298 100 25 95 6
(n) (41) (41) (38) (36) (41) -(32) (32) (32)- (33) -(38) (20) -(33) (36) (33)
Till, siit 6.6 10.9 3.5 6.5 1.2 1.8 1.5 8.8 2.1 1030 250 14 246 5
(n) (16) (16) (13) (14) (16) (15) (15) (15) (15) (16) (6) (13) (13) (13)
6.8 10.1 11.6 1.1 1.9 1.5 6.9 1.4 520 132 22 129 6
mg
10
6 8
)nfiItroton rote
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soil also increases, upon which the alkalinity and
pH value again become greater. Only when the
buffering capacity of the soil is exceeded does the
pH of the soil water solution itself begin to
decrease.
In Finland the natural buffering capacity of the
mineral soi! is rather low. The precambrian bedrock
is poor in calcium and consists mainly of acidic
rocks. Furthermore the soil is rather thin and its
unsaturated zone is shallow, so that the contact
time of infiltration water with the mineral soi! is
short. For these reasons the groundwater in
Finland is particularly susceptible to acidification.
Some variation in the ability of the soil to
neutralize acidic meltwaters does of course occur
between different areas of the country, depending
on the depth of the unsaturated zone and on the
relative proportions of acidic and alkaline minerais
in the soil.
4.31 Chemical input and output in the
unsaturated zone
The surface of the soil functions as a kind of
chemical filter between the meltwater and the
groundwater. In this iayer a number of different
chemical reactions takes place (e.g. jon exchange,
adsorption and precipitation). The final chemical
balance of the soi! water is dependent on the
overail effect of these reactions.
An input-output investigation (Input = Output
± Change in unsaturated zone) was carried out of
the change in concentration of certain materiais in
meltwater during infiitration at several lysimeter
stations. The resu!ts have been collected into
Tab!e 22. The change in concentration in the infil
tration water in relation to the corresponding
concentration in the meltwater is presented in
sorted and unsorted soil types.
Acid meltwater continuous!y causes changes in
the substance ba!ance of soil water. As a resuit of
weathering processes and of cation exchange
between the minerals and soil solution, calcium,
magnesium and aluminium ions are released to the
soi! water and hydrogen, ammonium and nitrate
ions are precipitated on to soi! particles and
absorbed by minerais (Seip 1980). Cation exchange
is a rapid process compared to weathering.
The material concentrations of infiitration
water increase in almost ali cases in comparison
wjth the corresponding Concentrations in meit
water. The greatest changes were observed in
alkali and earthalkali metais and in the pH of
the water. Significant increase in pH in the
infiitration water can partly be explained by the
fact that the hydrogen ions of the acid meltwaters
are replaced efficiently by base cations from the
soil particles.
Of the anions, the leaching of sulfide was the
Table 22. The input-output concentration baiance of meltwater and infiitration water at different lysimeter fieids.
Lysimeter Year IWSW
field pH Y25 S04 Cl Na K Ca Mg Cu Mn
mS m1 mg rng 1 mg j1 mg mg i’ mg pg pg
Oripää 1982 2.0 0.7 +4.0 0.1 0.7 0.1 3.0 0.8 31
Jämijärvi 1978 2.6 4.5 3.8 0.2 0.6 0.5 1.7 0.6
— —17
Valkeala 1982 2.4 10.0 0.9 0.1 0.6 — 1.6 — 1 —
Parikkala 1982 2.0 3.6 0.6 0.2 — — — — — —
Pistohiekka 1981 2.0 5.7 8.2 0.8 1.5 1.2 2.3 1.2 —3 —
Naakkima 1981 1.6 2.5 3.8 0 0.6 1.0 2.1 0.5 1 —15
Kangaslahti 1980 2.6 0.7 2.1 0.4 0.5 0.1 0.3 0.3 49 28
Kuuksenvaara 1978 2.7 8.8 17.5 0.1 0.6 1.1 7.3 0.7 12 38
Jaamankangas 1978 2.4 8.5 18.3 0.4 1.3 0.9 10.2 1.7 1 —14
Juutilankangas 1980 2.8 10.0 25.2 0.1 1.2 0.9 10.0 1.1 15 6
Pyhäntä 1982 1.9 4.1 0.9 0 2.7 1.7 1.4 0.4 48 11
Ruukki 1980 1.7 2.2 3.0 0.2 0.4 0 0.2 0.5 0 —
Alakangas 1982 2.0 1.6 3.6 —0.2 0.2 0.7 1.9 1.5 —2 —
Nellim 1981 1.4 9.5 — 1.2 2.7 0.4 3.3 1.0 5 —14
Sorted soiis i 2.3 4.1 6.2 0.2 1.0 0.7 3.5 0.8 12 6
Kuuminainen 1982 2.3 4.0 6.1 0.3 0.6 0.7 3.5 0.8 19 —33
Heinävesi 1981 1.5 3.9 4.2 0.3 1.8 1.6 2.2 0.8 1 6
Akonjoki 1980 2.5 2.8 1.1 0.9 2.1 1.9 3.6 1.3 29 46
Vehkoo 1981 2.2 4.5 1.3 0.4 1.6 0.5 1.9 0.4 5 24
Kolmisoppi 1979 2.1 7.0 13.5 0.9 1.4 1.7 13.7 1.5 9.0 68
Lumiaho 1982 1.8 10.1 6.4 1.0 2.4 0.8 3.9 1.2 —1 —
Unsorted soils ii 1.7 2.8 2.5 0.4 1.6 1.2 5.4 1.0 10 12
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greatest. This ion occurs in the form of suifate
mainly as a resuit of the weathering of suifide
minerais and derived from litter and organic layer
(Barry et al. 1984). Changes in chloride concentra
tions were slight throughout the data of this
investigation. The release of this jon from the soi1
and its adsorption on soi! particles are both
insignificant.
Concentrations of infiitration water were in
almost alI cases lower than in the corresponding
meltwater. According to the lead balance, the
content of this metal in the infiitration water
originates mainly from the atmosphere. Lead is
known to he witheld by the surface soji !ayer, while
its movement jn the mineral soil is only slight
(Kauranne et aL 1977; Tanskanen 1977; Sillanpää
1982).
The balance of copper and manganese was also
in some cases negative (the concentration was
greater in snow than in infiltration water), but in
most cases the concentrations of these metais
clearly increased during infi!tratjon. The contents
of copper and manganese in infiitration water are
due part!y to deposition from the atmosphere and
partly to dissolution from the mineral soil layer.
5. SUBSTANCE CONCENTRA
TIONS IN GROUNDWATER
AND THEIR TEMPORAL AND
SPATIAL VARIATIONS
The quality of groundwater js determined largely
by the hydrogeological and hydrometeorological
conditions of groundwater recharge area. The
e!emental composition of the groundwater often
reflects the mineralogy of the soil and bedrock of
the recharge area, as wel! as airborne loading. The
effect of bedrock and soil on groundwater quality
has been investigated in Finland in severa! studies
(e.g. Lahermo 1970, Hyyppä 1973, Soverj and
Soveri 1981, and Rönkä 1983). However, the effect
of atmospheric impurities has been studied much
less (Soveri 1980).
Overali groundwater quality jn a groundwater
system at a given point in space and time is
composed of the sum of several partial factors.
Each partial quality has its own specific evolution
within three intercönnected subsystems, namely
transport, matter and conversion processes (Enge
len 1981):
1. Transport
— permanent or transient flow under laminar
or turbulent condjtions.
2. Matter
— soil and rock types, each with its own spatial
pattern
— chemical composition and isotropic or non
isotropic characteristics.
3. Conversion
physical, chemical and biological processes
changing the quality.
In most natural groundwater systems, it is the
chemical and biological processes which act from
point to point within the system and ultimately
determjne the chemical composition of the soil
water and groundwater. When these processes are
relatively homogeneous and spatia!ly continuous, jt
is possible to define a systematic cyclic annual
variation in the major jon concentrations wjthin a
groundwater system for different soil types.
The chemjca! processes include dissolution of
the porous medium, precipitation of mineral
phases, jon exchange between the pore fluid and
the porous medium and osmosis or reverse
osmosjs. Biological processes, which can control
water chemistry by the addition or removal of C02
and by bacterial reduction of the suifate jon, may
also be of considerable importance.
The rate of accumulation and the relatjve
abundance of dissolved constituents in ground
water depends to a large extent on the dissolutjon
kinetics of the porous medium. Mineral dissolution
rates are a complex function of several varjab!es,
such as pH, temperature, mineral structure and the
equilibrjum state of the fluid with respect to that
mjneral. From a kjnetic viewpoint, djssolution
proceeds until chemical equilibrium is achieved
between the mineral phase and the pore fluid
(Schwartz 1974).
The mobility of an element in the hydrosphere
is in general determined by the solubility of its
various compounds, the tendency of its ions to
deposit on rocks adsorption and ion exchange, and
the degree to which it is bound in the biosphere.
Geochemical bonding is determjned by the ionic
potential of the element, i.e. the ratjo between
ionic charge and ionic radjus (Wickman 1944).
As a measure of the mobility of an element in
water the mobiljty coeffjcjent K proposed by
Perel’Man (1961) can be simplified used. K is the
ratio between the concentratjon of an element X in
water and the concentration in the rock through
whjch the solution js flowjng. If the concentration
of the element x jn the water (Mi) js given in
grams per litre and the content nx in the rock j
wt %, then K = (M 100)/aO nx, in which a js the
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sum of the dissoived mineral substance in water in
grams. Large values of K indicate intensive release
from the rock and mobility of the eiement in
solution (Matthes 1982).
The method of Perel’Man gives an approximate
picture of the mobilization of different materiais
and is best suited to sorted sand and gravel soil
types.
The amounts of different mineral compounds in
moraine and bedrock are many times greater than
those appearing in sorted soi1 types. The use of K
in the quantitative determination of the mobiiiz
ation of different materiais therefore becomes more
difficult.
The commonest elements in igneous rocks,
such as siiicon, aluminium and iron as well as lead,
have low mobiiity in the hydrosphere. Chlorine
and suifate are very mobile and widespread in the
hydrosphere. Caicium is mobile to some extent
and sodium is considerably more mobile than
potassium, although both occur in aimost equal
amounts in the primary igneous material.
Nearly ali groundwaters in Finland, both shaiiow
and deep, originate from rain and melted snow
infiltrating through the soil. The quality of
groundwater at a given point in an aquifer thus
depends on the intergrated effects of a number of
factors, such as (Englund 1983):
1. the chemistry of the input water
2. the pathway of water through the aquifer
3. subsurface soil and rock types encountered
during infiitration
4. variations in residence time or flow velocity
along the infiitration pathway
5. hydrodynamic dispersion
6. rates and threshoid values of physical, chemical
and biological processes
This study is concerned mainly with the effects
of the factors 1—4 above.
5.1 Chemical composition of
groundwater
In the following, elemental concentrations in
groundwater are investigated individually and their
changes are compared with corresponding changes
in the infiitration water.
The pH values of groundwater varied between
4.5 and 8.8 (median 6.3). The lowest pH values of
groundwater were observed in the suifide regions
of Ostrobothnia (Kälviä and Laihia). Lower pH
values were also observed in the granite regions of
southern Finland than elsewhere. In the alkaline
bedrock regions of northern Finland the mean
values of groundwater pH were higher than in
other parts of the country.
The mean change with respect to the pH of the
infiltration water was —0.5 units. The areas
investigated were shallow aquifers, in which the
circulation time of the water was short. The pH
value is usually lower in shallow wells than in deep
circulating groundwaters (Englund 1983, Jacks et
al. 1984).
In bedrock groundwater, in which the circulation
time of the water is long, pH values are usually
higher, as in the soil groundwater discussed above.
According to Rönkä (1983) the mean pH values of
bedrock groundwater vary according to the type of
rock between 5.3 and 9.0 (mean 6.8).
The alkalinity values of groundwater varied
between 0.01 and 4.84 mmol 11 (mean 0.31 mmol
1—1 and median 0.22 mmol 11). The alkalinity, i.e.
buffer capacity, of Finnish groundwater is usually
rather low. Of the alkalinity concentrations ob
served in the data of this study, 99 % were below
1.6 mmol 11.
Alkalinity is the capacity factor, which represent,
respectiveiy, the acid-neutralizing capacity of an
aqueous system (Stumm and Morgan 1981), which
is usually determined by acidimetric titration to a
pH value of 5.4. (Bergström et al. 1985)
The alkalinity of Finnish groundwater is
determined by the concentrations of bicarbonate
and carbonate. In certain conditions (pH > 8.3),
hydroxyls have a significant effect. The alkalinity
system of soil water and groundwater buffer the
water against the effects of hydrogen ions.
The sensitivity of groundwater to acidification is
dependent on the alkalinity of the water. Alkalinity
is a measure of the degree to which water resists
changes in pH on the addition of strong acid, and
loss of alkalinity can therefore be used as a tool for
studying the extent of irifluence of the processes of
acidification. E.g. Henriksen (1979) has defined
acidification as loss in alkalinity. It is operationally
defined as the difference between “preacidification”
alkalinity and present alkalinity.
Acidification (Ac) = A1k0
— Alk, (39)
where
A1k0 original alkalinity (estimated from the sum
of the concentrations of non-marine caj
cium and magnesium in the water)
Alk = present alkalinity
Values of electrical conductivity were between 0.2
and 53.0 mS m1 (mean 6.0 mS m1 and median
4.1 mS m1). Conductivities in groundwater were
about 2 mS m1 lower than in the infiltration
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water. As the water infiitrates through soil, its salts
are partly enriched, or salts may be recrystallized in
the unsaturated zone above the groundwater.
In bedrock water electrical conductivity is
usually higher than in soil groundwater. According
to Rönkä (1983) the mean conductivity of bedrock
groundwaters is 28.0 mS m1, varying consider
abiy, however, between different rock types. Dis
solution of minerais from the bedrock and the high
stability of the solution increase the overail salts
concentration of bedrock groundwater to a level
fivefold greater than that observed in soi1 ground
water. Eiectrical conductivity and alkalinity also
were lower in aquifers situated in regions with
coarse-grained soil types.
The concentrations of calcium, magnesium,
sodium and potassium did not in general change
significantly in the groundwater in comparison
with the concentrations in infiitration water,
aithough the mean sodium concentration in
groundwater was doubie that in infiitration water
and that of calcium siightly decreased. The relative
changes in the concentrations of these ions are
affected by different ion-exchange activities in the
soil — water system. For example the mobilization
of sodium and magnesium also in infiitration water
is considerable, whereas caicium is rather efficientiy
adsorbed by soil particles (e.g. Beckett 1964).
The concentrations of caicium at the ground
water stations varied between 0.1 and 61 mg 1—1
(mean 4.5 mg 1—1 and median 2.9 mg 1—1.
Magnesium concentrations were 0.1—27 mg 1—1
(mean 1.5 mg —1 and median 0.9 mg 11, sodium
concentrations were 0.6—16 mg 11 (mean 2.7 mg
—1 and median 2.2 mg 1—1) and those of potassium
were 0.1—13 mg h1 (mean 1.2 mg 1—1 and median
0.8 mg l1).
The relative mean concentrations of the differ
ent metal ions of this group with respect to
magnesium were:
Mg>0.8 K< 2.1 Na<3.1 Ca
Nitrate and ammoniunz were the most important
nitrogen compounds in the groundwater. Van
ations in nitrate concentrations between the
groundwater stations were considerable, 1.0—7600
pg 11 (mean 190 pg l— and median 37 pg 11).
Ammonium concentrations also showed wide van
ation, between 1.0 and 970 pg l (mean 40 pg 11
and median 9 ig 1—1). Jo a bedrock groundwater
investigation conducted by Rönkä (1983) the mean
concentration of nitrate was 1500 pg 1—1.
Nitrate does not usually create problems in the
raw water of groundwater utilities. In 1977 the
median concentration of nitrate in the raw water
supply of small water supply plants (< 1500 m3
was 850 pg —1 and in the supply of large
piants (> 1500 m3 d—’) the corresponding
concentration was 1400 pg 11. In 1983 the mean
nitrate concentration of ali Finnish water supply
piants was 1000 pg (Vesihallitus 1984b).
However, the probiem of nitrogen in ground
water often occurs in the water management of
sparsely populated areas. Nitrate is usually a factor
reducing the utilizabiiity of the groundwater. For
exampie Vainio (1984) reported that 26—33 % of
sampies from domestic wells in intensively fertil
ized regions of southern Finland contained leveis
of nitrate in excess of the maximum concentration
of 30 mg 11 recommended for drinking water by
the public health authorities. The nitrate concen
trations of water in weiis were usually greatest after
the spring thaw.
Since around 1950, the agricultural use of
artificial fertilizers has increased enormously. The
nitrates applied are only partly used by the crops,
sometimes only 50 %, and the remainder is flushed
away by rain and meltwater (Huisman 1981).
According to some nitrogen balance calculations
carried out in Sweden, about 42 % of added
nitrogen in arable areas is leached into the soil and
evaporated into the atmosphere (Brink 1981).
Ammonium is strongly adsorbed to soil particles
and can he bound as complex compounds to
humus (Hem 1972), whereas nitrate is very mobile.
Ammonium is readily converted in the soil by
nitrification to nitrite and nitrate. Nitrite is an
unstabie ion, which is oxidized biologicaliy to
nitrate at the eariy stages in infiitration. For this
reason the concentrations of free nitrite in the soil
are usually insignificant. Nitrogen does not occur
to any significant extent in the minerais of the
bedrock (Rönkä 1983).
In shaliow aquifers nitrate is a rather stable form
of nitrogen under aerobic conditions. In deep and
also in anaerobic aquifers, in which the residence
(40) time of the groundwater is long, part of the nitrate
is reduced. About 50 % of the nitrate of
groundwater is released in gaseous form as a resuit
of denitrification, which according to Steenvoorden
(1976) different biochemical or chemical reactions:
biochemical: e.g. 5 CH3O + 6 NO — 3 N
+5C027H0+60H (41)
chemicai e.g. NO + 3 H + 2 Fe2 HNO2
+ 2 Fe3 + H20 (42)
HNO2 + H + Fe 2+
-
NO + Fe3 + H20 (43)
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Englöv (1981) reported that nitrate is dinitrifi
cated from groundwater under suitable conditions
in Scandinavia. Nitrate may also be reduced and
escape as nitrogen gas to the atmosphere from the
root zone of the soil (Aslyng and Hanseri 1982).
The mean nitrogen concentrations, 1 (NO3 +
NH4), in groundwater was 230 pg 11 at the
groundwater observation stations. This was con
siderably lower than the corresponding mean in
meltwater (736 pg h1) and infiitration water (585
pg 1—1). It therefore appears that significant
denitrification also occurs in the conditions
prevailing in groundwater in Finland, the nitrogen
concentration in groundwater being only about 40
% of that in infiitration water.
Because nitrate reaches groundwater in small
amounts relative to its loading and does not
accumulate its influence on long-term groundwater
acidification is less than that of suifate (Harvey et
al. 1981).
Concentrations of phosphate phosphorus varied
between 1.0 and 370 pg 11 (mean 15 pg 1—1 and
median 7 pg l). The mean concentration in the
groundwater was Iower than that in meltwater (18
pg l—). The strong adsorption of phosphate to
minerais and metal hydroxides and also its high
biological activity are sufficient to explain the
disappearance of phosphate during infiitration
(Steenvoorden 1976).
Concentrations of chloride varied between 0.1
and 9.7 mg 1’ (mean 2.1 and median 1.6 mg
Chloride concentrations were slightly higher in
groundwater than in infiitration water.
The concentrations increased as a result of
evapotranspiration during summer and autumn
infiitration. According to Jacks (1978) the chloride
of rainwater is concentrated threefold during its
passage into groundwater. This estimate agrees
rather well with the results of the present investi
gation, in which the enrichnient coefficient of
chloride between snow and groundwater was 2.6.
Chloride moves at the same rate as water and for
this reason it is usually considered most suitable as
an indicator of movements of water in the majority
of soil types (Kurz and Melsted 1972).
The relatioship between the chloride concentra
tions of precipitation and groundwater can best be
discerned in the shallow aquifers of the coastal
region. In one study in Sweden a clear correlation
was demonstrated between proximity of the sea
and the chloride concentration of groundwater
(Aastrup 1979).
Chloride concentrations usually increase with
increasing depth of the groundwater. In very deep
bedrock groundwater basins, concentrations of
chloride may be over one thousand times greater
than those observed in investigations of soil
groundwater (e.g. Jacks 1973b, Jacobsen and
Kelstrup 1981). In such deep basins the high
chloride concentrations may be a hydrogeological
relic from an earlier marine phase, or in coastal
areas the reason may be intrusion of the sea water
in more recent times.
In Finnish bedrock the average chloride content
is 21 mg 11 (Rönk 1983), which is tenfold higher
than in soi1 groundwater. The water contained in
mafic rocks has nearly twice as high a chloride
content as the water contained in felsic plutonic
rocks.
The highest chloride concentrations were ob
served in the groundwater stations of coastal areas
and the smallest correspondingly in eastern Fin
land. In northern Finland the concentration was
higher than in other parts of the country. In
Finland, as in Sweden, the chloride concentration
of groundwater is affected mainly by the proximity
of the sea spray (Aastrup 1979). The relic effect of
the Littorina sea on chloride ConCentrations is
only slight in shallow coarsely structured aquifers.
The high chloride concentration (mean 27 mg 11)
in the groundwater station of Kalajoki (40) is
probably a result of intrusion of sea water.
The concentration of suifate varied between 0.1
and 98 mg h1 (mean 6.1 mg 11 and median 3.4 mg
1’). This level was slightly lower than that in
infiitration water.
Suifur is a biogenic element, which is readily
accumulated into organic material. Suifate may also
be reduced by microbiological activity, as a resuit
of which it usually degrades to hydrogen suifide,
which in turn may react e.g. with iron to form iron
suifides (Postma 1980).
The sulfate concentrations of groundwater were
clearly lower in northern Finland than in the south
of the country. These differences in concentration
resuit partly from regional suifate depositions. The
regional differences are also affected in different
bedrock regions e.g. by oxidization of pyrites,
which has been shown to increase the sulfate
concentration of groundwater in Norway (Englund
and Myhrstad 1980).
In the coastal area of suifide rich Littorina clay
and mud deposits of Ostrobothnia the suifate
concentrations of groundwater are high. For
example the maximum suifate concentrations in
Kälviä (39) and Laihia (31) were exceptionally high
at 71 and 98 mg 11, respectively. The general level
of suifate concentrations was over tenfold in the
suifide regions compared with the level for the
remainder of the Country.
The concentrations of most ions (e.g. SO4, Cl,
Na, K, Ca and Mg) were usually greater in fine
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grained aquifers, due to the fact that the solubility
effect of minerais always increases with decreasing
hydraulic conductivity.
The copper concentrations of groundwater were
between 0.1 and 100 pg 11 (mean 7.5 pg l1 and
median 3 pg 1’). The mean concentration level
was lower in the groundwater than in the
me!twater and infiitration water. In shallow
aquifers, deposition of copper from the atmosphere
usually has a greater effect on groundwater copper
concentrations than dissolution from mineral rock
types. In black schist regions and in deep bedrock
groundwater basins, however, the effect of dissol
ution of suifate concentrations is often greater
than that of deposition from the atniosphere
(Hyyppä 1981 and Rönkä 1983).
Concentrations of Iead were between 0.1 and 80
pg 1—1 (mean 3.7 pg h1 and median 0.5 pg 11).
The lead concentrations of groundwater were
considerably lower than those of meltwater and
infiitration water. The mechanism of transporta
tion of Iead through the soi! is very similar to that
of copper. Both are slowly removed from the
so!ution by adsorption to soi! humus during
percolation, wjth the resuit that concentrations
decrease with increasing depth (Bergkvist 1980).
Lead is adsorbed by humus colloids and co!loidal
mineral particles more strongly than copper
(Matthess 1982), which helps to explain the
changes in the relationship between lead and
copper concentrations in the groundwater after
infiitration.
Concentration of zinc varied between 0.1 and
370 pg 1—’ (mean 12.9 pg 1—’ and median 4.0 pg
1—1). The median concentration in groundwater
was about ha!f that in meltwater, indicating the
atmospheric origin of the zinc in groundwater.
Zinc concentrations were not analyzed from
infiitration water sampies, because of zinc con
tamination of lysimeter vesse!s.
The highest leveis of zinc in Finland are found
in suifide ore and black schist regions. The
Nationa! Board of Waters has investigated water
quality at its running-water stations since about
1962 (Laaksonen 1975). The highest zinc concen
trations have been recorded in central Ostro
bothnia, in the watercourse of the river Kokemäen
joki and in southwestern parts of the country. The
highest mean concentrations varied in these regions
between 73 pg !‘ and 120 pg 11 (Mäkinen 1980).
Niemi (1976) observed high zinc concentrations in
the river Kälviänjoki (max 193 pg 1’).
By comparison, the median zinc concentration
of groundwater at the Kälviä groundwater station
was 20 pg l (max 70pg 11), which was clearly
higher than the mean concentration in Finland.
Concentrations of manganese were between < 1
and 1800 pg 1 (mean 87 ig 11 and median 12 pg
!‘). The median concentration of manganese in
the groundwater was Iower than in the meltwater
and infiitration water. Manganese usually has a
tendency to precipitate in weIl oxygenated condi
tions as oxyhydrates, also due to the action of
bacteria. This process aiready occurs in the
unsaturated zone of the soil. The oxidization and
precipitation of manganese occurs in a similar
manner to that of iron and the precipitates are
usually found in the same strata (Koljonen et al.
1976).
Concentrations of aluminium varied between
<0.5 and 6500pg 1—1 (mean 215 ug 1—1 and median
50 pg 11). The median aluminium concentration
of groundwater was the same as that of infiitration
water and clearly higher than that of meltwater.
The aluminium concentration of groundwater is
determined mainly by the weathering and leaching
of aluminium silicates in the soil. Increase in the
aluminium concentration of groundwater is often a
resuit of acidification of the soi! due to acid
deposition. The contribution of atmospheric
sources to aluminium concentrations is negligible.
The following relationship between the metais
discussed above was obtained in groundwater on
the basis of median concentrations:
Pb<6Cu<9Zn<26Mn< iloA! (44)
In comparison with the corresponding concen
tration relationships in meltwater and infiitration
water the relative proportion of lead and manga
nese and to some extent also of copper and zinc
decreased in groundwater, whereas the concentra
tion of aluminium increased. The changes in
relative concentrations partly explain their atmo
philic or lithophilic origin in groundwater.
Elements (e.g. Hg, Cu, Cd, Zn and Pb) are
termed atmophilic when their mass transport
through the atmosphere is greater than that in
streams. Elements such as aluminium, on the other
hand, are termed lithophilic because their mass
transport to the oceans by streams exceeds their
transport through the atmosphere (Stumm and
Morgan 1981).
The copper, lead and zinc concentrations of
groundwater were rather simi!ar in different soil
type regions and the so!ubility differences of these
heavy metais due to soi! type were therefore also
small. This supports the conclusion reached earlier
that the origin of these metals in the groundwater
of shal!ow aquifers is main!y atmophilic, whereas
aluminium, manganese and fluoride are lithophilic.
Cumulative distribution of concentration for
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Fig. 19. Cumulative distribution of concentration for various constituents of groundwater at groundwater stations
during the years 1976—1981.
various constituents of groundwater at ground
water stations during the years 1976—1981 are
given in Fig. 19. The relationships between the
mean concentrations of cations and anions of
whole data were:
S04>Ca>Na>CI>Mg>K>F>N03
A1>Mn>NHPO>Zn>Cu>Pb (45)
= 11.9 Atk + 2.3
= 0.8Ca +2.0
Y25 = 2.0 Mg + 2.9
‘25 = 0.3 S04 + 3.7
Atk. = 0.1 Mg + 1.1
Atk. = 0.1 Ca + 0.04
CI = 0.3 Na + 1.1
P04—P =11.2K +1.7
N03—N= 3001( —157
Gw
The interdependence of elemental concentra
tions in groundwater were investigated with the aid
of a correlation matrix (Table 24). Regression
functions were then calculated for the data pairs
with the strongest correlations (r3). r1 and r2 are
corresponding correlation coefficients for the data
pairs in the meltwater and in the infiitration water.
5.11 Concentration pattern
The usual statistical parameters of the pH,
electrical conductivity and elemental concentra
tions of groundwater are presented in Table 23.
r3
0.78n
0.88
0.78
0.74
0.81-’
0.42
0.57m’
0.76
(r2) (r)
(0.74n.x) (0.23n)
(Q54*) (0.01)
(0.66j (0.70a)
(0.48n.n) (o.53’)
(—0.23) 0.47
(0.14) 0.22
(46)
(47)
(48)
(49)
(50)
(51)
(52)
(53)
(54)
Table 23. Groundwater analysis results at the groundwater stations during the period 1975—1981 (see list of symbols).
Parameter Unit n min max mean median S S S/a
pH 2382 4.5 8.8 6.32 6.30 .56 0.02 0.09
Y25 mS m1 2329 0.2 53 6.0 4.1 5.85 0.12 0.97
Mk. mmol 1—1 2318 <0.01 4.8 0.31 0.22 0.37 0.01 1.22
S04 mg 1—1 2170 <0.1 98 6.1 3.4 10.6 0.23 1.7
Cl mg 1—1 2286 <0.4 9.7 2.1 1.6 1.5 0.03 0.7
Na mg 1—1 2225 0.6 16 2.7 2.2 1.8 0.04 0.7
K mg 11 2195 <0.1 13 1.2 0.8 1.4 0.03 1.2Ga mg 11 2170 <0.1 61 4.5 2.9 5.7 0.12 1.3
Mg mg 1—1 2220 0.1 27 1.4 0.9 2.1 0.04 1.4
N03—N pg l1 2180 <1.0 7600 190 37 584 12.5 3.1
NH4—N ug 11 2219 <1.0 970 32.7 9 94 2.0 2.9
P04—P pg 1—1 2228 <1.0 370 15.4 7 30 0.6 2.0Cu pg 11 2033 0.1 100 7.5 3 12.5 0.3 1.7
Mn pg h1 2126 <1.0 1800 66.9 12 180 3.9 2.7Pb g j1 2009 0.1 80 3.7 0.5 8.3 0.19 2.3Zn pg 1’ 2034 0.1 370 12.9 4.0 26.4 0.59 2.1
Al pgl1 1054 <1.0 6500 215 50 708 2L8 3.3
F pgl 1190 <1.0 2700 160 70 314 9.1 2.0
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The correlations between elemental concentra
tions in groundwater (r3) did not change signifi
cantly in comparison with those in the infiitration
water (r2), because the balance of elements in
groundwater is largely determined during infiitra
tion. On the other hand the correlations in the
groundwater were often very different from those
in snow (r1).
Alkali and earthalkali metais have the greatest
effect of cations on the total electrolyte concentra
tion of groundwater. The correlation of calcium
and magnesium O.78’»’ with electrical
conductivity was highly significant. Calcium corre
lated more closely with alkalinity O.81’’’ than with
pH The effect of calcium on groundwater
pH is generally rather small in Finnish conditions.
The correlation of potassium was highest with
nitrate and phosphate O.57’’’, which
indicates the effects of the utilization of fertilizers.
The correlation between sodium and chloride
O.42’ did not change in the groundwater in
comparison with the correlations in meltwater and
infiitration water, indicating the relatively free
movement of these rather unreactive ions between
the atmosphere and the soil.
The best correlation coefficients involving the
different metais were between aluminium and
manganese Q33», copper and pH •O.26*, lead
and manganese O.46*», aluminium O.33’, zinc
and nitrate O.61’, lead and pH Q43»* and zinc
and electrical conductivity O.24***.
The correlations between metal concentrations
vary considerably according to regional factors
depending on e.g. the conditions of groundwater
formation, the deposition of metais from the air
and the regional mineralogy of the bedrock. The
effects of geological factors on the quality of
groundwater are investigated in more detail in
sections 5.21 and 5.22.
5.2 Hydrogeological quality changes
“The chemical quality of water in many shallow
aquzfrrs exhibits cyclic variations that have seidom
been noticed, rarely reported and apparently never
described in detaiL” Pettyjohn (1976).
Few attempts have been made to determine the
reasons for changes in substance concentrations of
groundwater. It is generally believed that the
quality of groundwater is rather constant. How
ever, the processes by which groundwater is
generated have many and considerable effects on its
materiais balance.
Cyclic changes in groundwater quality can be
observed most clearly and most rapidly in shallow
aquifers, in which concentration changes are often
associated with the processes producing ground
water. In deep aquifers quality changes are usually
slower and less extensive than in shallow aquifers.
Hackbarth (1981) recognized an annual pattern
of variation in the chemistry of shallow ground
water in Canada. Concentrations of calcium,
magnesium and bicarbonate reached their lowest
annual values in the spring and increased rapidly
by early summer. The concentrations of these ions
gradually decreased during the autumn and winter.
This cycle is related to the abundance of dissolved
carbon dioxide in the recharge water.
Spring and autumn are typically times of the
highest suifate concentrations in Canada. This
pattern is coincident with recharge events and is
related to leaching of suifur compounds. High
chloride concentration during the winter is related
to slower rates of groundwater flow and the
consequent increased opportunity for release of
ions from chloride-bearing minerais.
Within the groundwater network of the Geo
logical Survey of Sweden, the chemical composi
tion of groundwater has been monitored during
the past 15 years. Time series from many stations
has revealed changes in the contents of magnesium,
calcium, suifate and chloride. At some stations
changes also occurred in the sodium, nitrate or
hydrocarbonate contents, while very few stations
showed changes in potassium or pH.
Some of the changes have been interpreted as
being caused by changes in land use or by the use
of fertilizers, while others were probably due to
climatic variations. The increased contents of
magnesium and calcium were probably caused by
environmental acidification and weathering pro
cesses, particularly in southern Sweden. (Aastrup
and Persson 1984). For the main part, the adverse
effects of groundwater quality are the resuit of
man’s activity at the ground surface, unintentional
ly by agriculture and industry.
5.21 Changes in different soi! types
The mean and median concentrations in ground
water were examined for different soi! types on the
basis of the classification presented in Section 2.1.
A Coarse-grained sand and gravel regions (22
groundwater stations)
B Fine-grained silts and clays (7 groundwater
stations)
C Gravel!y, sandy and silty tilis (25 groundwater
stations)
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Table 25. Mean () and median (Md) concentrations in groundwater and their standard deviations (S) in different
groups of soil types. A coarse-grained soils (n 850); B tine-grained soils (n 250); C moraines (n 1200); D whole
data.
Parameter Unit A B
C D
,t Md S a Md S e Md S t Md S
pH — 6.2 0.7 — 6.6 0.4 — 6.3 0.4 — 6.3 0.6
Y25 mSm1 4.1 3.0 3.1 9.5 6.2 8.6 6.8 5.2 6.4 6.0 4.1 0.6
.AIk mmol 1—1 0.2 0.2 0.2 0.4 0.3 0.4 0.4 0.3 0.4 0.3 0.2 0.4
S04 mg 1—’ 3.3 3.0 2.2 13 6 19 6.7 3.7 11.2 6.1 3.4 10.6
Cl mg 1—1 1.4 1.2 0.7 3.8 3.1 1.9 2.2 1.7 1.5 2.1 1.6 1.5
Na mg 1—1 2.0 1.8 1.5 3.2 2.8 1.2 3.1 2.6 1.9 2.7 2.2 1.8
K mg 1 0.7 0.6 0.4 1.7 1.4 1.2 1.4 0.8 1.8 1.2 0.8 1.4
Ca mg 1—’ 3.1 2.3 2.9 8.3 4.3 10 4.9 3.6 5.5 4.5 2.9 5.7
Mg mg 1—1 0.7 0.6 0.4 1.6 1.3 1.2 1.9 1.1 2.7 1.4 0.9 2.1
N03—N pg 11 59 24 102 443 60 601 233 57 739 190 37 578
NH4—N pgl’ 16 8 22 37 8 102 44 9 119 33 9 96
P04—P pg 1—1 9.9 6.0 11 19 7 36 19 7 37 15 7 30
Cu pg 1—1 8.0 2.0 14 4.2 2.0 5 7.9 4.0 12 7.5 3.0 12
Mn pgl’ 18 10 23 166 7 362 81 15 173 67 12 177
Pb pg 1—1 3.6 0.5 9 4.3 0.5 10 3.6 0.5 7 3.7 0.5 8
Zn pg 1 9.4 3.0 15 6.8 3.0 10 17 5.0 34 13 4 26
Al pgl 124 50 329 70 30 136 320 50 951 215 50 711
F pgl1 65 50 56 157 95 132 237 85 425 160 70 314
The permeability of the soi!, which determines
the time used for infiitration between snowmelt
and groundwater recharge, has the greatest effect
on concentration differences in the groundwater of
different soil-type regions. The finer the soi1
structure and the longer the infiitration period, the
more do soi1 processes alter the quality of the
infiltrating water and thus affect the final composi
tion of the groundwater (Table 25).
The influence of atmospheric impurities on
groundwater quality is greatest in regions with
coarse-grained soil. The effects of acidic meltwaters
were also most obvious in the groundwater of
sandy and gravelly soils, where the median of pH
(6.2) was lower than in the moraines (median 6.3)
and in the fine soil types (median 6.6).
The greater the retention time of the ground
water in the soi! and bedrock, the greater is the
effect of alkaline components, on the pH balance
of the water, even in regions with acidic bedrock
types. For example at the Oripää groundwater
station, where the prevailing bedrock is granodio
rite, the pH-median was 8.4. The artesian
groundwater in the bordering region of the Oripää
ridge is pressurized beneath clay lenses with the
resu!t that the retention time of the groundwater is
long.
The standard deviations of the quality para
meters of gröundwater were usually smaller in
regions with coarse-grained soils. In most cases the
deviations increased with decrease in the particle
size of the major soi! type.
In addition to particle size of the soi!, the
thickness of the !eaching zone of the groundwater
also had a significant effect on the elemental
concentrations of the groundwater. In this context
the leaching zone is taken to be thickness of the
zone between the extremes of variation in the level
of the groundwater. The thickness of the leaching
zone of groundwater varied between 40 and 288 cm
at the groundwater stations of the National Board
of Waters during the years 1975—1982. Annua!
variation in the leve! of groundwater is greater in
areas with fine-grained soils and the Ieaching of the
products of weathering is therefore also most
efficient in such areas.
The correlations of some chosen material pairs in
groundwater are examined in the following for
different types of the soil (Tabies 26—28).
In this way an estimate is made of the cause
effect relationship between the material concen
trations of groundwater on the one hand and soi!
type and deposition of the other.
The corre!ations between concentrations in
groundwater varied in different soil types. In
coarse-grained soi!s the correlation of alkalinity,
calcium and sodium with the pH of groundwater
was considerably more significant than in the other
soi! types, although the mean pH value was !owest
in this soil type. The correlation of copper with
zinc and lead was also most significant in the
coarse soils.
In fine-grained and morainic soils the corre
lations between the above metais were rather poor.
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Changes in relative concentrations in the fine
grained and morainic aquifers resulted from
differential adsorption of the metais on soi1
particles. Leaching of metais was apparently rather
small, because the metal concentrations did not
increase significantly in the groundwater after
infiltration.The concentrations of two metais with
widespread occurrence in soi1, namely manganese
and aluminium, correlated best in fine-soil aquifers
with the following ions: Mn/Na (r =
Mn/Ca (r = 0.82**), Mn/Pb (r = 0.77’’’), A1/S04
(r = 0.45’’), Al/Na (r = Q.45*j and A1/Ca (r =Q.44***). In addition, the concentration of suifur
was highly significantly correlated with those of
calcjum r = sodium r = 0.91» and
electrical conductivity r
The interdependences of these parameters are
largely due to weathering of aluminium silicates and
suifide minerais in the aquifers of fine-grained soils.
According to a comparison of correlations in
coarse-grained aquifers, on the other hand, the
effects of weathering on the materiais balance of
groundwater were rather slight in the latter soil
type.
Temporal changes in the concentrations on
some of the most abundant groundwater materiais
were examined in detail for the different soil types
with the aid of some examples. The concentration
changes were in the main monitored in conjunction
with the spring meit.
Coarse-grained aquifers are represented by the
groundwater stations of Oripää (7), Halsua (37),
Alakangas (47) and Tullinkangas (4) (Figs. 20—23).
The artesian groundwater at Oripää differs in its
hydrography from the water at the other stations.
Variations in the groundwater driving head are
slight and irregular and do not represent any form
of seasonal variation. On the other hand, very defi
nite spring and autumn maximum and summer and
winter minimum are characteristic of the ground
water at the Halsua and Tullinkangas stations. At
Alakangas in gravel soil, the annual hydrological
rhythm has only two phases, in which the spring
and autumn maximum are joined and the winter
minimum is rather long.
In many cases the concentrations of suifate,
calcium, magnesium, sodium and alkalinity of
groundwater increase during or shortly after the
spring thaw, causing an increase in water pH. The
reaction of acidic meltwater in infiitration water
and in groundwater results in neutralization,
although the suifate concentration of the ground
water often increases at the same time.
Chloride concentrations in groundwater also
showed temporal variation. Concentrations in dry
seasons e.g. in 1978 and 1979 at Halsua and
Tullinkangas (Figs. 21 and 23), were often higher
than in rainy periods. Increase in the concentration
of chloride is caused during dry weather by greater
concentration of meltwater in the soil due to
evapotranspiration.
Changes in the quality parameters of the
groundwater were usually greatest in those aquifers
in which variations in the pietzometric level were
greatest and most complex. At Alakangas (Fig. 22),
where the annual variations were only 2-stage, the
variations in concentrations were also smaller. The
role of evaporation in the concentration of soi!
water is less important in the climatic conditions
prevailing at this site than in southern Finland.
This is illustrated by the iow leve! of chloride
concentration at A!akangas and by the small
temporal variations.
Clear variations between the concentrations of
different elements were also observed. in the
conditions of the artesian groundwater at Orivesi.
The maximum concentrations of suifate and
alkalinity were often recorded at the end of the
year.
In the till aquifers at Laihia (31) and Kullisuo
(48) (Figs. 24 and 25) the concentrations of
elements and their variations were usually greater
than in coarse-grained aquifers. For example at the
Laihia groundwater station, where the variations in
groundwater height are in 4-stages, the effects of
snowmelt and autumn rains were immediately
apparent in the growth in concentrations of
different elements.
The su!fate concentration in the Laihia suifide
rich soils is high and the pH of the groundwater is
low. As a resu!t of melting the water suifate
concentration and pH often further increase. Even
in exceptionally acidic conditions the effects of
alka!ine factors of the pH-balance of groundwater
are greater than the acidifying effect of H+ and
H30+ ions.
At the Kullisuo groundwater station the annual
variation in height of the groundwater level follows
a 2-stage cycle as at Alakangas. For the same reason
as at Alakangas, the variations in chloride
concentration at Kullisuo are lower than those at
e.g. Laihia. In the fine-grained aquifers at Viinikka
la (22) and Vehkoo (34) (Figs. 26 and 27) the
natural variations in groundwater level are both
rapid and extensive, with the resuit that changes in
substance concentrations are also greater and more
rapid than in areas characterized by coarse-grained
soi!s.
In fine-structured
- soil types
- the -time lag
between groundwater recharge and the transporta
tion of most materials may be as long as several
months, as estimated on the basis of the maximum
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of groundwater formation and material concentra
tions. For example at Viinikkala the pH and
alkalinity maximum of groundwater often occur at
the time of minimum groundwater level.
As a resuit of different infiitration rates the
concentration of materiais in the soil surface due to
evaporation is more pronounced in regions with
fine soil types than in coarse-grained soils. This
also affects the elemental composition of ground
water, particularly in the case of elements (e.g.
chlorine) with low reactivity in the soil (Fig. 26).
5.22 Changes in different kinds of crystalline
bedrock
In shallow aquifers the immediate effect of bedrock
type on groundwater quality is difficult to
estimate. The mineralogy of the soi] in the
groundwater recharge area does not always corre
spond to that of the bedrock beneath the
groundwater. However, the rock types examined
in this work occurred over rather widespread areas
and in unified zones with respect to the field areas,
S0 that the mineral composition in the loose soil in
the groundwater formation basin usually also
corresponded rather closely with that of the
bedrock. The effect of different rock types on
groundwater quality was examined roughly in
Table 29 on the basis of the rock classification
presented in Section 2.1.
Statistically significant differences in ground
water quality constituents were recorded between
the different bedrock groups. Concentrations were
lower in areas with acidic, weathering-resistant
rocks than in other areas. This could be seen
clearly in electrical conductivity, alkalinity, suifate,
sodium, potassium, calcium, magnesium, nitrate,
ammonium, phosphate, aluminium and the heavy
metais. In regions with basic rock types the
elemental concentrations of the groundwater were
in most cases at a higher level, e.g. calcium and
magnesium (Table 29).
In the group of rock types other than the two
mentioned above the effect of rapakivi-granite on
the fluoride concentration of groundwater was for
example very clear. The fluoride content of
groundwater in rapakivi-granite areas provides in
Finnish conditions a clear demonstration of the
direct solubility effect of the soil and bedrock type
on groundwater. In the following the cause-effect
relationship between the bedrock and the meit
water on the one hand and the fluoride concentra
tion of groundwater on the other is examined.
Fluorine does not occur as a free jon in the
environment, but is apt to join with other ions to
form complexes with calcium and magnesium.
Fluorine often occurs as fluorite (CaF2) or
fluorapatite (Ca5 (P04)3F).
Fluorine is released into the groundwater during
the weathering processes of minerais mainly in
rapakivi areas. In areas characterized by basic rocks
the fluorine of the groundwater is assumed to be of
atmospheric origin, because the fluoride content of
rain and snow varies on average between 50 and
250 pg V’ in Finland (Soveri and Soveri 1981).
The fluoride content of the Finnish bedrock is
on average 0.08 % and in rapakivi-granite areas the
concentration may even be to 0.5 % (Rankama
and Sahama 1950). In the rapakivi areas of south
Table 29. Mean concentrations and concentration ranges in groundwater in different bedrock groups at the
groundwater stations in the National Board of Waters during the years 1975—1981.
Parameter Iinit Felsic Schists
Mafic Miscellaneous
min max K min max K min max K min max
pH 4.5 8.8 — 4.5 8.6 — 4.8 6.6 — 5.4 7.5 —
mS m1 1.3 12.0 4.6 0.2 53.0 7.1 5.8 5.90 13.8 4.0 16.0 7.3
ATk mmol 11 <0.01 0.98 0.26 0.00 4.84 0.36 <0.01 2.92 0.33 0.02 1.40 0.39
S04 mg 11 0.1 13.0 3.5 0.1 71.0 7.6 5.1 98.0 27.9 1.1 16.0 7.1
Cl mg 11 0.1 9.0 2.0 0.4 9.7 1.8 1.5 9.2 3.4 0.8 8.0 2.8
Na mg 11 0.6 8.5 2.4 0.7 16.0 2.7 2.1 8.1 3.6 2.2 16.0 4.5
K mg 1—’ 0.1 4.1 0.8 <0.1 13.0 1.6 2.1 6.8 3.1 0.3 2.7 0.9
Ca mg 1—1 0.1 14.0 3.5 0.1 61.0 5.6 1.3 26.0 8.2 2.1 8.8 5.4
Mg mg 11 0.1 8.8 1.2 0.1 27.0 1.4 1.3 14.0 4.0 0.5 6.0 2.1
F pg11 <1 440 96 <1 570 72 1 500 157 <1 2700 918
Cu pg l— 0.1 100 6 0.5 90 9 0.3 36 11 0.5 58 9
Mn pg 11 <1 950 23 <1 1800 104 0 940 203 <1 890 141
Pb pg l 0.1 76 2 0.3 80 5 0.5 25 5 0.5 51 7
Zn pg l 0.1 130 7 - 0.5 370 - 22 0.5 85 19 0.5- 120 16
Al pg l <1 5400 125 <1 6100 198 5 590 131 <1 6500 843
N03—N pg11 <1 1300 114 <1 7600 263 <1 2400 713 3 410 93
NH4—N pg 1’ <1 920 18 <2 960 38 <1 970 217 <1 250 21
P04—P pg 11 <1 94 9 <1 370 23 <2 360 33 <1 35 9
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eastern and southwestern Finland the fluoride con
tents of groundwater are exceptionally high as com
pared with the values for the whole country (Laher
mo and Rainio 1972). In the basic rock type areas of
northern Finland the fluorine content is clearly
lower than in the granite and mica areas of
southern Finland. The acidic rock types, rich in
silicic acid, have a great influence on the fluoride
content of the groundwater, especially in granite
and rapakivi areas (Table 30).
The fluoride content of groundwater varies
within areas containing different rock types as well
as within areas having only one major rock type.
This is partly due to the glacial transport of
sediments, creating differences in mineral composi
tion between bedrock and overburden.
The fluoride content of groundwater correlates
also on the hardness of the water, its content of
sodium bicarbonate, conductivity and pH (Fig. 28,
Tabies 31 and 32). A high pH-value is normally
associated with a high content of fluoride (Jacks
1973 a).
The circulation of fluoride between soil, sea and
atmosphere can he compared to that of chloride.
Thus fluoride deposition is also highest near to
marine areas. In Finland the F/C1-ratio of snow fail
varies generally from 0.2 to 0.4.
The temporal fluctuations of the concentration
of fluoride in groundwater were compared with
fluctuations of groundwater stage in two different
bedrock areas, at Tullinkangas (4) and Valkeala
(14).
Tullinkangas is a basic bedrock area, where the
fluoride level is very Iow, on average 40 pg 1—1,
whereas at Valkeala, in the rapakivi-granite area,
Rock type Fluoridepg II
min max meno
Rapakivi-granite 3 47 300 2400 1500
Veined and mica gneiss 7 90 40 370 125
Granite 12 173 40 310 120
Diorite 11 129 50 140 90
Mica schist 6 45 50 130 80
Granite-gneiss 9 146 40 120 70
Migmatite 2 30 40 50 45
Cabbro, amphibolite
and hornblende gneiss 3 55 30 80 45
Arkose sandstone 1 7 30 30
The whole country 54 732 30 2400 150
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Fig. 28. The correlation between fluoride concen
trations and pH values in groundwater in the Elimäki
and Valkeala rapakivi-granite area of southern Finland.
Table 31. Correlation coefficients between fluoride and
some other parameters of groundwater in the rapakivi
granite area.
Table 30. The minimum, maximum and mean values of
the fluoride content (pg 1—1) of the groundwater in
different rock types at the groundwater stations. (n1 =
number of examination points, n2 number of analyses)
(Soveri and Soveri 1981).
F Ca P04—P K Mg pH
F 1.00
Ca 0.10 1.00
P04—P 0.60 0.14 1.00
K 0.09 0.05 0.06 1.00
Mg 0.43 0.28 0.50 0.22 1.00
pH 0.78 0.02 0.40 0.11 0.64 1.00
Table 32. Correlation coefficients between fluoride and
some other parameters of groundwater in the whole
Country.
F Ca P04 K Mg pH y,
F 1.00
Ca 0.08 1.00
P04—P 0.03 0.25 1.00
K 0.09 0.41 0.26 1.00
Mg 0.10 0.43 0.17 0.61 1.00
pH 0.16 0.34 0.08 0.25 0.21 1.00
Y25 0.17 0.69 0.32 0.56 0.62 0.21 1.00
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the fluoride content may be as high as 1500 pg 1—1.
In Tullinkangas the fluctuations of fluoride
concentration are clearly connected with ground
water recharge. An increase in the groundwater
level is accompanied by an increase in the fluoride
content (Fig. 29). This is due to the fluoride
content of meltwater and rainwater and is not
connected with leaching from the bedrock.
In the Valkeala rapakivi-granite area the fluoride
concentrations of the groundwater changed in
relation to the groundwater recharge in a manner
quite the opposite to that at Tullinkangas. At
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Valkeala, a rise in the groundwater level caused a
decrease in the fluoride concentration (Fig. 29).
This was due to dilution of the fluoride concentra
tion of the groundwater by meltwater. Further,
decrease of the groundwater level resulted in
retention of water, allowing more time for leaching
and thus leading to an increase in the fluoride
concentration.
The relationships between substance concentra
tions in groundwater were also examined in
different rock types with the aid of a correlation
matrix (Tables 33—36).
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Fig. 29. Fluoride concentrations of groundwater in relation to fluctuations of the groundwater level in the basic bed
rock area of Tullinkangas (lower figure) and in the rapakivi-granite area of Valkeala (upper figure).
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The effect of solubility on groundwater quality
is smaliest in acidic pre-cambrian orogenic rocks.
This was also revealed in the correlation matrices,
in which the weakest interdependence of substance
concentrations occurred in the case of such acidic
rock types.
The most obvious effect of mineral solubility on
groundwater materiais was observed in areas in
which basic rock types predominated. In these
areas the correlations between almost ali of the
elements were statistically significant. Lahermo
(1970) also reported that basic rock types have the
greatest effect on the total ionic concentration of
groundwater.
Variations in the amount and quality of
groundwater are not always cyclic or coordinated.
They are mainly affected by the foilowing factors:
— amount and temporal distribution of precipita
tion
— uptake of nutrients by vegetation
— leaching
— enrichment of materiais in surface soil layers by
evapotranspiration
— soil moisture deficit of the unsaturated zone
and the oxidation-reduction conditions prevail
ing in the soi1
variations in the height of the groundwater
level
— stratification, mixing and discharge of the
groundwater aquifer
The stratification, mixing and discharge of the
groundwater have the greatest effect on the cyclic
variation of groundwater quality. For exampie, a
water sample taken from a spring may not be
representative of the newly-formed groundwater
but may originate from oider water at the bottom
of the aquifer or be mixed with new meltwater. For
this reason trends in groundwater quality are often
not coincident with changes in the amount of
groundwater. Rather, there is aiways a time lag
between changes in the amount and the quaiity of
groundwater. This differential varies between
aquifers and between years according to the
prevaiiing climatic conditions.
5.3 Chemical input and output in the
saturated zone
Changes in soi1 water composition after the
percolation resulting from the spring thaw were
examined at some groundwater stations by input
output analysis (Input = Output ± Change in the
saturated zone).
Changes in pH, electrical conductivity and
certain substance concentrations in groundwater
with respect to the corresponding values for
infiitration water are presented in Table 37 for
areas with sorted and unsorted soi! types. The
change is positive if the concentration is greater in
groundwater than in infiitration water and negative
in the opposite case.
Changes in pH, electrical conductivity and
suifate were clearly negative in the groundwater.
Aithough the concentration of suifate decreased,
the acidity of the water increased. This was most
Table 37. The input-output concentration balance of infiitration water and groundwater at certain groundwaterstations.
Groundwater GW—IW
staton pH 25 S0 Cl Na K Ca Mg Cu Mn PO4J PbmS m1 mg 1 nig l mg l mg mg 1 mg j1 pg II pgI pg f•1 pg
Sorted soils
Jämijarvi (1978) —0.5 —4.3 —2.7 0.1 0.7
—0.3 —0.5 0.0
—
—5 4.0 0.5—2Pistohiekka (1981) —0.5 —2.8 —4.3 0.8
—
—
—
— 2
— 2.0 0.5—1Naakkima (1981) —0.1 3.4 —5.5 0.7
—
—
—
— 5
— 12.0 0.5—1Kangaslahti (1980) —1.2 —1.5
— —0.2
— 0.5 —0.3 0.1 0.5—50 1 2.0 —1Kuuksenvaara (1978) —1.5 —6.8 —17.3 0.2 0.3 0.2 —4.7 0.1 40
—44 3.0 0Jaamankangas (1978) —1.2 —8.9 —19.0 —0.3 —0.2 0.1
—8.9 —1.2 4 —10 5.0 —4Juutilankangas (1980) —0.9 —5.2 —24.9 6.7 1.7 1.2 —8.0 0.7 0.5—15 4 6.0 0.5—3Ruukki (1980) —0.9 —1.9 —2.2 0.9 0.4 —0.4 0.1 —0.2 0.5—3
— 0.0 0.5—5Nellim (1981)
—0.5 —4.6 —4.7 0.4 —0.8 0.7 2.0 0.4 —3 13
—3.0 0.5—1
st —0.8 —3.6 —10.1 +0.1 +0.4 +0.3
—3.5 0
—
— +3.0
—
Unsorted soils
Heinävesi (1981) 0.1 5.2 —2.7 —0.5
—0.5 —1.0 14.4 •1.5 2
-12-- 17.0 0.5—1Akonjoki (1980) —0.3 —4.2 —2.3 0.4 0.2 —1.0
— 1.4 —13
— 15.0 30Vehkoo (1981)
—03 0.5 — 1.9 1.3 0.2 3.4 0.8 0.5—6
—7 6.0 0.5—1Kolmisoppi (1979) —0.2 —7.8 —14.6 —0.3 0.0
—1.2 —16.5 —0.5 1 —101 2.0 —12
—0.2 —1.6
— 6.5 +0.4 +0.3 —0.8 +0.4 +0.8
—
— +10.0
5 4085008614
66
obvious in aquifers in which sorted soil types were
predominant
The concentrations of aikali and earthalkaii
metais increased slightiy in the groundwater after
infiitration, reflecting the low solubility of these
metais in the conditions of the saturated zone. The
neutralizing effect of basic cations on groundwater
acidity was only slight in shallow aquifers. Only
when the retention time of the groundwater in the
soi! is sufficiently long do the basic cations begin
to neutralize groundwater. In deep aquifers the pH
of groundwater is always higher than in shallow
aquifers, regardless of the type of bedrock
(Knutsson et al. 1981).
6. GROUNDWATER RECHARGE
AND ITS TEMPORAL AND
SPATIAL VARIATION IN
SHALLOW AQUIFERS
In temperate and humid environments, where
annual precipitation generaily exceeds the annual
potential evaporation, groundwater is recharged
mainly by rainfail. Groundwater flow in these areas
wili tend to be towards lakes and rivers, where it
becomes the base flow component of the surface
water.
Where groundwater is recharged mainly from
rainfali the changes in groundwater level depend on
the characteristics and state of the aquifer and
overlying soil. lmportant factors are the degree of
saturation, effective porosity and permeability of
the soil and the distance that infiitrating water has
to travel to reach the groundwater table. These
factors ali contribute to the deiay in the reaction of
the groundwater table to rainfail. In Finland and
in the other Nordic Countries this delay is usually
short, as the soi! iayer is generally rather thin and
predominantly Quaternary. This causes the ground
water table to follow closeiy the annual rhythm of
seasonal changes. In most geological formations of
Finiand groundwater recharge is strongly seasonal,
taking piace mainly in the spring and autumn
months.
6.1 Groundwater fluctuations in
different soils
The hydrostatic pressure at the surface of the
groundwater corresponds to the prevaiiing atmos
pheric pressure. The groundwater surface softly
foliows the topography of the soi1 surface. The
relationship between the soil surface and, that of
the groundwater varies in different soi1 types. This
interdependence is most obvious in clay, siit and
moraine deposits above the bedrock. The deviation
of groundwater surface from the indications
provided by soi1 topography is greatest in
permeable deposits iike eskers and similar
glaciofluviai deposits (Gustafsson 1968, Soveri
1973).
Groundwater basin tends to fluctuate continu
ously in response to external factors in both
confined and unconfined aquifers. Corresponding
fluctuations occur in the groundwater table, where
variations in level may be either reiatively rapid, as
in the case of seasonal variation, ot- long-term with
a duration of several years. The short-term
variatlons may be caused by changes in atmos
pheric pressure, earth tremors, precipitation or
seepage of surface water. In addition human
interference, such as the regulation of watercourses,
drainage, and earthworks may cause rapid, either
short-term or permanent changes in levei.
This section is concerned with variations in
groundwater level caused by seasonal changes in
the hydrological cycie and with long-term changes
caused by climatological variations.
Changes in groundwater storage occur because
of differences between inflow and outflow rates to
and from groundwater. These differences vary in
space and time, particularly from one climatological
zone to another, due to different precipitation and
evaporation patterns. In some areas groundwater
recharge may be derived predominantly from
rainfali directly and in other areas from the
infiitration of surface water. Groundwater level
fluctuations in a given iocality tend to occur in a
regular manner so that they may be used as an
index of the regime characteristics.
6.11 Seasonal variation of groundwater level
As the avaiiability of percolating water is largely
controlled by the degree of evapotranspiration,
seasonal patterns of change exist. Nordberg and
Persson (1976) found in Sweden that seasonal
patterns can be classified into four main regime
types corresponding to climatologicai conditions.
The patterns are valid for ali types of shalIow
aquifers in till and water-laid sediments and in
crystalline bedrock. Deep-lying unconfined aquifers
in large glaciofiuvial deposits and in sedimentary
bedrock beneath thick, loose sediments react with
a time lag, giving a displaced pattern. In this study
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time lag means the time difference between snow
meit and groundwater recharge.
The diagrams in Fig. 30 show the mean seasonal
groundwater variation patterns in Finland. The
groundwater curves are based on monthly mean
leveis from 45 representative groundwater stations
from the last 5—9 years. The tentative zonation is
based on these observation stations.
The time span of the diagrams in Fig. 30 is one
calender year and the height of the curves
corresponds to the rnaximum amplitude of the
monthly groundwater means. The diagrams repre
sent the annual variation of the upper and lower
limits of the groundwater surface. The height of
the diagram is same in ali cases.
On the basis of these long-term observations it
is possible to discriminate from the seasonal
groundwater fluctuations four different regions.
The annual variation has a different characteristic
pattern in each region reflecting the prevailing
climatological conditions.
In the northern Finland and Kainuu (Region 1),
the recharge of groundwater reserves occurs mainly
as a resuit of melting of snow in April, May and
J une. Despite summer rainfail the groundwater
storage generally decreases during the summer
months as a result of evapotranspiration and
depietion. Even the autumn rains do not fiil the
groundwater reserves, but the reserves begin to
empty immediately after their recharge and reach
their minimum level just before the melting of
snow in spring. In Region 1 the recharge and
discharge of the groundwater reserve can clearly be
seen as a two-stage process.
The pattern of type II shows a more clear
influence of the autumn. Also in region II a major
recharge in connection with snowmelt is noticed
but also a minor recharge in the autumn before the
precipitation turns into snow. This pattern is
mainly found in central and southern Finland. The
variation of the groundwater surface has four
stages, with two minimum and two maximum
values of the groundwater reserve. The lowest
groundwater level occurs during late winter just
before the start of snowmelt.
A pattern of type III indicates a secondary
decrease in groundwater level in the winter and is
most frequently observed in south-western Finland
and in coastal regions in the south and west of the
country. Also in this zone the variation of the
groundwater level has four stages, but the annual
minimum always occurs after the summer season
and a secondary minimum in late winter. Recharge
of groundwater reserves during autumn rainfail is
most significant in this regime, in which the
groundwater level usually reaches its annual
maximum in late autumn before the freezing of the
soil.
Pattern IV is unusual in Finnish conditions and
occurs only in some parts of the Ahvenanmaa archi
pelago. This regime is, however, quite common in
southern Sweden, Denmark and central Europe
(Nordberg and Soveri 1978). Formation of ground
water takes place in this region in both spring and
autumn but also during the winter, when evapor
ation is minimal and the effect of precipitation on
groundwater production is great. The level of
groundwater is always at its highest in early
summer after the thaw and plentiful spring
precipitation. The groundwater level falis rapidly
from its maximum to its minimum value during
the summer months and is lowest in late summer
or early autumn, i.e. in August-September. The
temporal curve of groundwater stage in areas with
this regime has two phases.
The formation of groundwater in Finland varies
considerably as a result of climatic factors. The
temporal curves of groundwater height in regimes 1
and IV behave in opposite ways, so that the time
diiferential between the achievement of maximum
groundwater height in the southern and northern
parts of Finland is almost six months. The
geohydrological regime division presented above
also follows regional divisions made on the basis of
other hydrological parameters (e.g. Hyvärinen
1977, Solantie 1978, Kuusisto 1984).
The established patterns of mean seasonal
variations can be used as rough prediction models
for groundwater levels. For many areas the peak
and minimum situations can be predicted with
regard to both time and relative level. Knowledge
of the nature of the time lag in different soi1 types
and damping of long-term variations can both be
utilized in prediction work.
6.12 Annual variation of groundwater level
The long-term natural behaviour of aquifers is
controlled by the long-term ratio of recharge to
discharge. Whereas the discharge of an aquifer is
highly dependent of hydraulic properties that do
not change with time, the recharge is controlled by
such changing variabies as precipitation and
evapotranspiration.
The succession of annual mean groundwater
leveis provides a picture of the relationships
between discharge and recharge that can be
attributed to climatological conditions. To mmi
mize the local effects of various hydraulic proper
ties within and around different aquifers, a method
developed by Konoplyantsev (1970) is used, in
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Fig. 30. The four different patterns and corresponding regions of groundwater fluctuation.
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Fig. 31. Annual variations in groundwater level at selected representative stationa. The height
of the diagrama corresponds to the observed maximum ampiitude for the obaervation period
1963— 1983.
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which the annual mean level is related to the
observed maximum ampiitude for the whole period
of observation, i.e.
MWgNWg
•HWg•NWg’
where
X = coefficient of relative groundwater level
MWg = annual mean groundwater level
HWg = maximum groundwater level
NWg = minimum groundwater level
The annual mean groundwater level is deter
mined by both climatological and geological
factors. As was shown in Fig. 31, the seasonal
variations differ considerably from the southern to
the northern part of Finland. The main discrimi
nent is the melting of snow, which occurs 1—3
months later in the north than in the south.
Winter accumulation of snow and the mode of
melting therefore play a major role in determining
the mean groundwater level. There is a generaily
increasing time lag between precipitation and
groundwater recharge when proceeding north
wards.
The hydrogeological properties of the aquifer
and the unsaturated zone control the response of
the groundwater to rainfali and snowmelt. A deep
iying unconfined aquifer may react with a delay of
several months. The materials presented here is
derived from groundwater stations in aquifers with
a relatively small and uniform time lag (1—2
months).
The diagrams in Fig. 31 represent the years
1962—1983 or shorter periods from selected
representative observation stations of the National
Board of Public Roads and Waterways (Johansson
and Soveri 1965).
The different time lags infiuence the individual
annual groundwater mean leveis, which must be
considered when making comparisons between
aquifers.
Another difficulty is introducd by the non
uniform length of the period of observation at
different observation stations. Because of this, the
curves are directly comparable only between
stations with identical observation periods (Nord
berg and Soveri 1978).
From the diagrams in Fig. 31, a clear although
slight trend towards increasing groundwater leveis
can be distinguished in south and southwestern
Finland. This trend cQincides with a period of
unusually high precipitation The effects have been
recorded in aquifers of many types; small and large,
deep and shallow, confined and unconfined. Due to
varying local conditions, however, individual local
trends in the opposite direction have aiso been
observed within the area of increasing groundwater
leveis.
In eastern Finland no clear, regional trends are
(55) found. However, several stations in northern
Finland show decreasing groundwater levels during
the 1970s and 1980s.
The absolute change of groundwater level is
qualified by the effective porosity and permeability
of the soil and may vary during a year from
centimeters to several meters. This aspect is not
considered in this report.
Significant periodicities within the long-term
variations have not been found, one reason being
the rather short period of observation. Zalzberg
(1977) reported periodicities of 4—5, 8—11, 16—
17 and 25—27 years for groundwater in western
Soviet Union.
In Czechoslovakia Kii (1972) found that the
periodicity of the fluctuations of groundwater
storage between 1901 and 1970 was not most
frequently three to six years. Only in exceptional
cases was the cycle longer.
In many cases the commonest periodicity of
groundwater level in Finland is also 3—4 years, at
Pieksämäki and Ouiainen (Fig. 32). However, a 21
year observation period is insufficient for the
demonstration of a regularly repeating periodicity
cycle. Climatic variations are not in themselves
sufficient to explain ali the changes in groundwater
ievel.
6.13 Duration analysis of groundwater level
The duration curve is a cumulative frequency curve
showing the time during which a certain water levei
value is equalled or exceeded. Usually the time is
expressed in days per year or as a percentage of the
whole time period under observation.
The stability of the groundwater levei in
different soil types was examined in different
groundwater regimes in sorted and unsorted soils.
For this stability analysis the regional means of
annual variation in water level were calculated for
each of the groundwater regions over the period
1976—1983.
The duration curves presented in Fig. 32 were
drawn using a percentage scale for duration and a
linear scale for the groundwater stage. The water
stage scale is the same for ail the hydrograph curves,
and the gauge data can therefore easily by compared
(Reuna 1979).
The duration curve describes the mean annual
variation of groundwater height. At the same scale
the curve is shallow if variations were slight and
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steep in the case of extensive variation.
Although the groundwater level variations in
different regimes are either two or four phased, the
duration curves do not differ markedly in different
parts of the country.
The extreme ampiitudes of groundwater level
are found in moraine soi1. The temporal percentage
of low groundwater level is also greater in moraine
soi1 than the percentage of high level (e.g. Regime
II).
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Fig. 32. The mean duration curves of groundwater level for the observation period 1976—1983 in different ground
water regimes in unsorted (broken lines) and sorted (fuli lines) soils.
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6.2 Groundwater recharge from
meltwater
One of the most important factors in the
determination of groundwater resources is the
estimation of natural recharge to aquifers. Ground
water recharge occurs when the residual precipita
tion (precipitation less evaporation) has infiltrated
to the groundwater table. This may occur from
several hours to several months after the rainfail or
snowmelt event.
Gottschalk and Nordberg (1977) have presented
a mathematical model for the response of ground
water level to infiitration. They showed that large,
glaciofluvial eskers with thick unsaturated zones
have a small and slow response, whereas till has a
large and rapid response.
The recharge due to snowmelt is of greatest
significance in northern and central parts of
Finland, where the main recharge event occurs as a
resuit of the snowmelt in spring. The time lag
between snowmelt and the response of ground
water level is therefore most clear-cut in these
parts of the country.
The rise in groundwater level due to melting
water is proportional to the effective porosity of
the soil and the ratio of the volume of intercon
nected pore-space available for fluid transmission
to the bulk volume of the soil or rock (Johansson
1984 ed.)
The effective porosity varies between till and
glaciofluvial soil on average from about 5 to 30 %
(e.g. Richter and Lillich 1975, Lemmelä 1976).
Groundwater levels, the duration and water
equivalent of the snow cover, the conditions of soil
freezing and air temperature are the parameters
which are recorded for the evaluation of ground
water recharge frorn snowmelt. These data are
usually easy to record and the method is therefore
suitable for fluctuation analysis.
In the following, the immediate effect of
meltwater on groundwater formation in different
soil types is examined on the basis of changes in
water level. The examples were chosen frorn
different groundwater formation regimes during
1984, when record amounts of snow felI in some
parts of the Country (Monthly hydrological report
for 1984).
The following terms, used in sections 6.21 and
6.22, are illustrated in Fig. 33.
6.21 Recharge in till aquifers
The effect of meltwater on the level of ground
water was investigated in moraine aquifers in
spring 1984 at the groundwater stations of
Kullisuo (Regime 1), Mutkala (Regime II) and
Elimäki (Regime III). The grain-size distribution
curves describing the soil are presented in Fig. 34
and the geohydrological parameters used in
hydrograph analysis is presented in Table 38.
The soil types at Kullisuo and Mutkala were
rather similar, but the moraine at Elimäki was
considerably finer. Estimated on the basis of the
sand percentages of the soi1 types, the effective
porosities and water retention capacities of the
Groundwater Sand W Wem
—
R GWr
Station Itegime % cn mm cm month 1 d cm
Kullisuo 1 37 —220 210 13 33 130
Mutkala 11 31 —405 200 10 47 212
Elimaki III 17 —220 170 10 17 210
We
0.2
Gran size
20
Fig. 34. Grain size distribution of representative till soils
at the groundwater stations at Mutkala (A), Kullisuo (B)
and Elimäki (C).
Table 38. Some geohydrological parameters of till soils
used in groundwater hydrograph analysis (see list of
symbols).Fig. 33. The effect of snowmelt on the response of
groundwater level. R = response time between the
maximum groundwater level and the beginning of posi
tive daily air temperatures; d = approximate ground
water depletion curve; d5 = depietion speed of ground
water level GW corrected groundwater rise We =
r . max
maximum water equivalent of snow.
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L
Fig. 35. Groundwater hydrographs in till soils before and after snowmelt in areas with different groundwater recharge
regimes during the spring of 1984. We = water equivalent of snow, Wg = groundwater level.
oils in the different areas also corresponded rather
ciosely to each other.
The spring of 1984 had a high snowfali in ali
parts of the country (see Tabie 2). This snow melted
with record-breaking speed and rather earlier than
normally (Monthly report of the Meteoroiogical
Institute 1984). The maximum values of the water
equivalent of snow used in the calculations were
taken from the monthly hydrologicai report
(National Board of Waters 1984).
The groundwater reserves emptied during the
winter of 1984, before the melting of snow, at
almost the same rate in the different moraine
regions (d5 = 10—13 cm per month). However, the
reserves were recharged after the snowmelt at
different rates and to different extents (Fig. 35).
The groundwater reserves were replenished most
rapidly in the area of Regime III e.g. Elimäki (R =
17 d). The increase in groundwater level was also
greatest in this area, although the water equivalent
of snow was smallest (170 mm). In the most
northerly areas (Regime 1) the increase in ground
water level was smallest, although the water
equivaient of snow (210 mm) was highest.
The different replenishment of groundwater
storage as a resuit of melting of snow in spring in
the different regions was due to differences in soil
moisture. Due to the longer period of soi1 frost,
the difference between field capacity and the water
content of the soil (soil water deficit) is aiways
greater in northern regions (Regime 1) than in the
south of the country (Regimes III and IV), where
the soilwater and groundwater reserves reach their
maximum at a later date. As a resuit of the soil
moisture deficit, a major part of the meltwater in
the northern regions goes to the repienishrnent of
this deficit. Only after this does recharging of the
groundwater reserves begin.
In southern areas the soii moisture deficit is
usually smaller than in the north, because soil
/
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Groundwater
station Regme Soil type SD
Lautavaara (50) II (1) sand 0.57
Kullisuo (48) 1 sandy till 0.68
Turtakangas (42) II fine sand 0.58
Kangaslahri (23) II sand 0.66
Laihia (31) II silt 0.79
Aijälä (35) II sand 0.79
Jämijärvi (10) II (III) sand 0.80
Oripää (7) III sand 0.78
water reserves are replenished until late in the
autumn and often even during the winter. The
effects of rneltwaters are observed faster and more
directly in the formation of groundwater (short K
time) and a relatively great proportion of the
meltwater goes to groundwater formation.
The regional occurrence of soi1 water deficit was
examined in the spring of 1984 by neutron
measurements at certain groundwater stations
before and after snowmelt. The soi1 water deficit is
described by the saturation deficit mdcx (SD),
which in this context is the relationship between
measured neutron impulses before and after
melting at depths of 50, 100 and 200 cm. The
number of impulses is directly proportional to the
water content of the soil. The smaller was the
saturation deficit mdcx, the greater was the
moisture deficit of the soil before snowmelt (Table
39).
6.22 Recharge in glaciofluvial sand aquifers
The effect of snowmelt on the level of
groundwater in sand aquifers was examined in the
spring of 1984 at the groundwater stations of
Kuusamo (Regime 1), Aijälä (Regime II) and
Jomala (Regime IV). The grain-size distribution
curves describing sandy soils of the different areas
are presented in Fig. 36 and the geohydrological
parameters used in hydrograph analysis is pre
sented in Table 40.
As a resuit of effective soil porosity the
groundwater reserves discharge to a greater extent
in sandy aquifers than in moraine aquifers,
although the rate of discharge in winter (d5) is
similar in both soi1 types. Correspondingly, the
groundwater reserves are recharged by meltwater
to a greater extent in coarser soil types, although
the corrected groundwater rise (GWr) is consider
ably lower than in fine-grained soils.
The reserves of groundwater emptied at the
greatest rate during March in the area of Jomala
0.02 20
Grain size
Fig. 36. Grain size distribution of representative glacio
fiuvial sand soils at the groundwater stations at Jomala
(D), Äijälä (E) and Kuusamo (F).
Table 40. Some geohydrological parameters of sandy soils
used in hydrograph analysis (see list of symbols).
Groundwater Sand W Wemax d, R GWr
Statton Reg,me % cn mm cm mnth1 d cm
Kuusamo 1 49 —230 220 10 7 100
Aijälä II 82 —400 210 10 26 120
Jomala III 67 —210 145 25 11 110
(Regime IV), where recharging was stiil taking
place during January and February. Due to the
later recharging of groundwater the soi1 moisture
deficit is smaller in the area of R.egime IV than in
other areas before the spring thaw. As a resuit of
the smaller soil water deficit in sandy soils the
formation of groundwater after the thaw was
comparatively greater in the Jomala area than in
the example areas in the north of the country at
Äijälä (Regime II) and Kullisuo (Regime 1),
although the recharging of groundwater also occurs
primarily from spring meltwater in these areas (Fig.
37).
7. GEOCHEMICAL CYCLES AND
THE INTERACTIONS BETWEEN
MELTWATER, INFILTRATION
WATER AND GROUNDWATER
The geochemical cycle on land can be characterized
by four major reservoirs, namely atmosphere,
biosphere, soil and rock, where water is the
primary agent to move the chemical materiais
between them (Fig. 38).
Inputs of materiais to soil and vegetation
originate partly as precipitation from the atmos
Table 39. The saturation deficit index (SD) of soil
moisture in areas with different regimes of groundwater
formation in spring 1984.
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Fig. 37. Groundwater hydrographs in sandy sojis before and after snowmelt in areas with different groundwater
recharge regimes during the spring of 1984. We = water equivalent of snow, Wg = groundwater level.
phere, and partly from soil as a resuit of weathering
of bedrock.
Outputs of materiais occur mainly by baseflow
transport of particulate and dissolved material, but
also to the atmosphere through gas emission from
soi1 and vegetation (C02, NFI3, H2S), aerosol
emission from vegetation (K, SOr), and particulate
emission (dust, forest fires, etc.).
In most cases, a given element will be present in
this input-output cycle in various different forms;
gases, ions, molecules, dissolved and particulate
organic material and inorganic particulate matter.
If a given element is not enriched by soil
weathering or stored in the ecosystem, the total
output should be equal to the total input. When
rock weathering is low the groundwater output is
greatly influenced by atmospheric inputs (Maybeck
1983).
In the following the relationship between the
equivalent concentrations of certain individual ions
and the ionic sum of these ions is examined in
detail in meltwater, infiitration water and ground
water (Fig. 39). If the waters compared are
identical in their chemical composition, the plots
,
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Fig. 38. Schematic cycle of some elements at the
continental surface (1. atmospheric precipitation;
2. gaseous uptake and photosynthesis; 3. gaseous
release; 4. leaching; 5. uptake by vegetation; 6.
rock weathering; 7. increase in soil layer thickness;
8. forest increment; 9. dissolved and particulate
stream outputs (Maybeck 1983)).
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of ali the components and the ionic sum line will
fali on the 1:1 line (Henriksen and Kirkhusmo
1982). The concentration relationships of infiitra
tion water and groundwater were clearly different
from those of meltwater. The ionic sum line
describing the concentration relations of water was
clearly below the 1:1 line. Only the atmophilic
chloride ion was situated close to the 1:1 line.
In the comparison of material concentrations in
infiitration water and groundwater the ionic sum
line almost joins with the 1:1 line. This examin
ation also indicated that the ionic sum of
groundwater in shallow aquifers is largely deter
mined during infiitration. The composition of
groundwater is thus mainly determined by pro
cesses occurrtng in the organic soil surface and in
the unsaturated soi1 zone. Also the sulfate and
calcium of infiltration water are partly witheld
during percolation through the soil, whereas
sodium and chloride, being highly soluble, are
enriched in the groundwater.
The enrichrnent factors (Ke) were caiculated
between the mean substance concentrations of
groundwater and infiltration water on the one
hand and of meltwater on the other (Fig. 40).
If the value of Ke was greater than 1.0 the
concentration in question had increased and
correspondingly if Ke was smaller 1.0 the concen
tration had decreased after infiitration.
Unusually high values of Ke in the case of heavy
metals may be indicative of the occurrence of ore
deposits in the groundwater recharge area.
7.1 Chemical relations
For analysis of the phenomena and interrelations of
chemical composition of meltwater, infiltration
water and groundwater multivariate statistical
methods were used. The results are visualized by
graphical diagrams, in which several analyses of
different water sampies can be compared directly
and quickly.
The semilogarithmic vertical scale diagrams as
shown in Fig. 41 were first used extensively by
Schoeller (1935). The ionic concentrations in meit
water, infiltration water and groundwater (in peq
11), at groundwater stations were plotted in the
sequence Na+, K+, Mg2+, Ca2+, S042, C1, F—,
N03,Cu2+, Mn2+, Pb2+, Zn2+ and A13+ on the
Fig. 39. The equivalent concentrations of meltwater, in
fiitration water and groundwater at groundwater
stations.
0 S04 K Na Cc Mg Al Cu Mn Zn Pb
Fig, 40. The rnean enrichment factors for groundwater
and infiitration water at groundwater stations.
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vertical axes using logarithmic scales.
The ionic relationships between meltwater,
infiitration water and groundwater were examined
as equivalent concentrations, which in the case of
metais were calculated from the median concentra
tions and for other ions from the means.
Differences between ionic spectra in meltwater,
infiitration water and groundwater were rather
slight. The median concentrations of metais with
the exception of aluminium, were greater in
meltwater than in groundwater. In particular the
concentration of lead was considerably greater in
meltwater than in groundwater, which refers to
atmophilic origin of these metais.
With the exception of nitrate, the equivalent
concentrations of most other ions were significant
ly lower in meltwater than in infiitration water and
groundwater, which refers lithophilic origin of
these ions. The concentrations of various cations
and anions (in meq 1—1) in meltwater, infiitration
water and groundwater are illustrated in trilinear
diagrams in two separate triangles (Fig. 42). This
method of presentation was first used by Piper
(1944). The sampies analyzed corresponded mu
tually with respect to both spatial and temporal
considerations, so that the groundwater and infil
tration waters were formed from the meltwater of
the same area.
The relative percentages of cations (except Ca)
were very similar in the waters investigated, al
though the alkali and earthalkali metais always in
crease considerably after infiitration (Table 41).
Because of the lack of alkalinity on meltwater,
the concentration distribution of meltwater could
be clearly distinguished from that of the soil
waters.
7.11 Relationships between groundwater
quality parameters in different soil types
The relative proportions of material concentrations
in groundwater were examined in detail in different
soil types using triangle diagrams. The percentages
of the cations and anions investigated were
calculated on the basis of the mean equivalent
concentrations at the groundwater stations. Ac
cording to the results of the Piper analysis the
greatest deviation between cations was in till soils,
whereas in the case of anions the greatest deviation
was in the coarse-grained soils (Fig. 43).
The ionic sums of cations and anions increased
with increase in the fine-grained nature of the soil.
The percentage relationships between individual
ions did not however differ radically in the
different soil types (Table 42).
— 0 100 200 jieqL’-300Groun dwoter
Fig. 41. The ionic ratios for mean material concen
trations in meltwater, infiitration water and ground
water at different groundwater stations.
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2+Ca HCO
Fig. 42. Piper diagrams with cations and anions plotted separately for meltwater (), infiitration water (0) and
groundwater (V) at different groundwater stations.
Table 41. Mean equivalent proportions of cations and anions in meltwater, infiitration water and groundwater.
5 cations 5 anions
Element 5r meq 1 Ca2+ Mg2+
Na+ + K+ meq F S042 C1 J1C03
%
Meltwater 0.032 33.0 28.2 38.8 0.058 64.8 35.2
0
Infiitration water 0.500 45.6 27.3 27.1 0.618 34.0 5.8 60.2
Groundwater 0.371 46.4 21.0 32.6 0.343 21.9 12.5
66.6
2+Cc HCO
o Infiltrotion wciter
v Groundwcter
Meltwater
100 — 50
÷ +No + K Cl-
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Coarce.grained soils
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+ + 2+Na+K Mg
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Fig. 43. Piper diagrams with separately plotted cations and anions for groundwater in coarse-grained (0), fine-grained
(V) and till () soils.
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Table 42. Mean equivalent proportions of cations and anions in different soi! types.
E cat,ons anions
Soiltype n meqr’ Ca2+ Mg2+ Na++K+ 5tmeq1 S042 CF HC03
—
Coarse-grained 17 0.291 44.3 20.3 35.4 0.303 26.0 15.5 58.5Fine-grained 4 0.476 44.7 22.1 34.1 0.439 19.7 29.1 51.2Moraine 17 0.481 41.4 25.9 32.7 0.425 19.5 13.3 67.2
7.2 Chemical relationships and their
dependence on water stage
T,he origin of eiements appearing in groundwater
was defined earlier in this work as either lithophilic
or atmophilic according to whether the element
concentration in the groundwater is derived from
atmospheric deposition or disso!ution of minerais
from the soi!.
In the following the relative proportions of
typically iithophilic eiements (K, Mg, Ca and Na)
and e!ements which at least in certain circumstances
have a mainly atmophilic origin (Pb, Mn and Cu)
are examined in groundwater before and after
snowmelt. The elemental balance in groundwater
was also compared with the concentrations in
meltwater and infiitration water of the same
groundwater formation basin.
The chemicai relationships between meitwater,
infiitration water and groundwater and the effects
of groundwater height on the chemical balance
were investigated in the water district of Kainuu at
Kolmisoppi (45), Lumiaho (46), Alakangas (47) and
Kuliisuo (48). The dominant soil type at these
observation sites was sand or siit moraine except at
Alakangas, where the dominant soi1 types were
sand and graveily sand. Due to the climatic
similarity of the areas the formation of ground
water occurred at approximately the same time at
ali the sites.
The concentrations investigated were the mean
monthly concentrations for the period 1976—1980.
The snow sampies corresponded to cumulative
winter sarnpies and the infiitration water sampies
to the soi! water formed due to meiting and partly
to spring rainfali, also (Figs. 44, 45, 46 and 47).
The concentrations of alkali and earthalkali
metais were iow in the meitwater. During
infiitration the concentrations increased rapidly in
the soi1 water to a level higher than that observed
in the groundwater. This trend was obvious
despite the irregular variations in concentrations in
the annual figures.
The concentrations of heavy metais increased in
the groundwater after snowmelt in the coarse
grained soi! as e.g. at the Alakangas groundwater
station. Similar changes were a!so observed at the
Lumiaho and Ko!misoppi stations. The data
presented in Figs. 44—47 suggest that heavy metals
in groundwater are of mainiy atmophilic origin in
shaliow aquifers and more generaliy in areas with
pre-cambrian intrusive rock types.
The direct effects of meitwater on the metal
concentrations of groundwater become most evi
dent when investigating annual variations in
concentrations. For example in Alakangas in 1982
the copper concentration of groundwater c!eariy
increased after the melting season, attaining the
same ievel as that observed in the meltwater and
infiitration water (Fig. 46). The lead concentration
of the groundwater, however, remained approxi
mate!y the same throughout the year at a ievel weil
beiow that in the snow and in the infi!tration
water.
In suifide rock areas, e.g. at the groundwater
station at Kangaslahti (23), the heavy metai
concentrations in groundwater vary temporaily in a
quite different manner. The concentrations of Mn,
Cu, Pb and Zn in groundwater at Kangaslahti are
mainly due to the dissolution of minerais in the
bedrock. The mean heavy metal concentrations of
groundwater before snowmelt during the period
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Fig. 44. The mean monthly (1976—1980) concen
trations of Na, Ca, Mg, K, Cu, Mn and Pb in meltwater
(SW), infiitration water (IW) and groundwater (GW) at
the Kolmisoppi groundwater station.
Fig. 46. The mean monthly (1976—1980) concen
trations of Na, Ca, Mg, K, Cu, Mn and Pb in meltwater
(SW), infiitration water (IW) and groundwater (GW) at
the Alakangas groundwater station.
Fig. 45. The mean monthly (1976—1980) concen
trations of Na, Ca, Mg, K, Cu, Mn and Pb in meltwater
(SW), infiitration water (IW) and groundwarer (GW) at
the Lumiaho groundwater station.
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Fig. 47. The mean monthly (1976—1980) concen
trations of Na, Ca, Mg, K, Cu, Mn and Pb in meltwater
(SW), infiitration water (JW) and groundwater (GW) at
the Kullisuo groundwater station.
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Fig. 48. Mean concentrations of zinc, lead, copper and
manganese in snow and in groundwater at different
heights of groundwater level (Wg) in the Kangaslahti ore
field area during the period 1976’—1980.
1976—1980 were clearly greater than the metal
concentrations developing in snow as a resuit of
deposition (Fig. 48). After snowmelt the metal
concentrations of groundwater, were considerably
diluted. In this case a lithophilic origin of
groundwater metal concentrations was obvious.
The heavy metais of groundwater and particularly
their cyclic variations in conjunction with snow
meit may also often reflect the mineral composi
tion of the bedrock in the groundwater formation
area (Soveri 1981). The temporal variations of
groundwater metal concentrations are therefore
significant in prospecting for mineral ores.
Investigation of the metal concentrations of
groundwater before and after snowmelt may
provide important clues concerning mineral ores
occurring in the region. If a metal concentration
clearly decreases after the thaw, it can be assumed
that the metal in question occurs in the soil or in
the bedrock. Even rather small differences in
concentrations may provide indications of ore
deposits, because the metais in question are usually
only marginally soluble in groundwater.
7.3 Influence of acid meltwater on
groundwater
The acidification of surface water is a phenomenon
well known to occur in the Nordic Countries and
in Canada and the Eastern United States. The
rapid increase in the acidity of rainwater during
recent decades is generally accepted as the cause of
acidification.
iarticular attention has also been paid in recent
years to the acidification of groundwater. Acid rain
has been shown to have caused considerable
changes in groundwater quality e.g. in Sweden
(Aastrup and Persson 1985). Increase in the
solubility of toxic metais (Pb, Cu, Cd and Al) in
both soil and water distribution networks will be a
real cause for concern in public health during the
coming decades, particularly because future water
management is expected to rely more on ground
water reserves than at present (Vesihallitus 1984 b).
The acidification of groundwater and its pro
gression through several developmental stages can
be described with the aid of the following
concepts.
Groundwater influenced by acidification. Geo
chemical changes in the soi! water system due to
acid loading become detectab!e, elementa! coflcen
trations (e.g. Ca, Mg, S04, Al, Cd and Cu)
increase in groundwater. No changes in water pH
necessarily discernable at this stage.
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A cidtjied groundwater: decrease in groundwater
pH as a function of time.
Acid groundwater: loss of groundwater aika
linity, pH below 5.0.
In Finland the time series of water quality
measurements are stili too short to demonstrate
that acidification of groundwater has occurred.
However, the earlier indications of acidification,
detailed above as “Groundwater influenced by
acidification”, can be demonstrated over a shorter
period of time.
The mean concentrations of pH, alkalinity,
caicium, magnesium, sulfate and aluminium at the
groundwater stations in 1975—1976 (y) and 1982—
1983 (x) have been compared in Fig. 49. Each
point in the graphs represents the mean of several
(10—20) individual observations. If no changes
occurred in a given concentration over the period
of examination, the points were situated aiong the
1:1 line. The foiiowing regression equations were
calculated between the concentrations during the
two observation periods:
300
ioo 300 300 0 2 4 6 8 10 12
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Fig. 49. Changes in calcium, magnesium, aluminium,
suifate, alkalinity and pH at the groundwater obser
vation stations during the periods 1975—1976 and
1982—1983.
Ca(9283) = 1.07 Ca(7576) + 0.04 r = 0.96* (56)
Mg(82•3 = 1.70 Mg(7576 — 0.64 r = 0.98’’» (57)
Aik)8283) = 0.94 Alk(75 76) —0.002 r = 0.98* (58)
S04(5293 = 1.25 S04(75 76) — 0.062 r = 0.95’» (59)
Al(8283) = 1.10 Al(7576) + 7.62 r = (60)
It was quite clear that the concentrations of
sulfate, calcium and aluminium in groundwater had
increased between the two periods of observation
(7—8 years). A particuiarly large change had taken
place in the case of suifate, which did not however
affect the pH balance of the groundwater. The
simuitaneous increases in the concentrations of
calcium on the one hand and suifate on the other
were apparently compensatory, so that no effect on
the pH was observed.
According to t-test, the increase of sulfate
concentration was significant at the 98 % confi
dence level. Corresponding significances for alu
minium and calsium were 95 % and 90 %. At
higher leveis of calsium concentration (> 2,3 mg
1—1) the significance increased to 95 %. No
statistically significant changes were observed in
the case of manganese, alkalinity and pH.
Surface water and groundwater react in a
different manner to the effects of acid rain.
Whereas the effects of meltwater on surface waters
are often seen as an immediate decrease in pH, the
pH of groundwater may actuaily increase. In the
short run the groundwater baseflow current caused
by meitwater may also result in a marked
neutraiization effect in surface waters, with
consequent increase in the pH of lake water.
Groundwater flow into watercourses does in fact
have a significant effect on the buffer capacity of
lake waters and thus also on their ability to
regulate acidity (Bottomley et al. 1984).
Groundwater in Finland is naturally siightly
acidic (pH median 6.3) and its buffer capacity is
low because the bedrock is composed mainly of
acid crystalline rocks, mostly granite and gneiss,
which are rather resistant to weathering. Shallow
lying groundwater is therefore particularly sensitive
to the effects of acidification.
Prior to this investigation, pH changes had not
been observed to any great extent in Finnish
groundwater. However, the results of this srudy
have shown that the concentrations of calcium,
sulfate and aluminium have increased as a result of
the acidification process over a rather short period
of observation. This is a cause for considerable
concern. These changes may predict reductions in
groundwater pH in the near future, at the latest
when the cation exchange capacity is exchausted
and the unsaturated soil strata is no longer
sufficient to buffer the hydrogen ions introduced
with acidic rainfali and snowmelt waters.
1982-1983
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8. CONCLUDING REMARKS
Groundwater is a renewable natural resource which
is easily disturbed by environmental changes. The
major aim of this work was to provide basic
information concerning both the present status of
groundwater in unpolluted regions and the climatic
and geological factors affecting groundwater quan
tity and quality. The data provided by the
investigation will also serve water management and
its future development especially in sparsely
populated regions, as well as the supervision of the
effects of human activities on the cycling of water
and materiais in the atmosphere, watercourses and
soi!. A summary of the main results of this work is
presented in the following:
1. The data was collected mainly from the
groundwater stations of the National Board of
Waters during the period 1976—1981, with
supplementation in part by observations from
1982, 1983 and 1984. The network of 54
groundwater stations produces basic data
concerning groundwater quantity and quality,
their natural variations and the geohydrologi
cal factors affecting groundwater status.
2. About 15—40 % of the annual precipitation in
Finland falls as snow. The water immobilized
in the snow cover, as well as the materiais
reaching the snow by wet and dry deposition,
is rapidly released during the spring thaw to
the soil and also partly to the groundwater.
Materiais contained in the snow cover reflect
the degree and nature of atmospheric loading.
After melting and infiitration through the soi!,
they eventually affect groundwater quality.
3. The median pH value of snow was 4.6 and the
mean of electrical conductivity was 2.2 mS
m1. The following mean concentrations were
obtained for materiais in snow: S04 2.2 mg
1’, Cl 0.8 mg 11, Na 0.3 mg l’, K 0.2 mg
11, Ca 0.4 mg 11, Mg 0.1 mg 11, N0 736
g 1, P0 18 ig 11, Cu 6 g 11, Mn 24 g
11, Pb 8 tg 11 and Zn 15 ig 11.
4. The snow cover acts as a natural base for the
deposition of airborne materials. The deposi
tion of individual materials was estimated on
the basis of the concentration of the material
in snow, the value of the water equivalent of
snow and the temporal duration of the period
of deposition with the aid of the equation (2).
The following mean monthly deposition values
(in mg m2) were obtained for different
materiais: - -
P0, 0.5, S04 59, Cl 21, Na 8, K 6, Ca 11, Mg
4, N0 20 Cu 0.2, Mn 0.7, Pb 0.2 and Zn 0.4.
5. The proportion of infiitration of meltwater
and annual precipitation in lysimeters varied
considerably between different years in a given
soi! type depending on precipitation and its
temporal distribution. In sorted soils 23—71
% (mean 41 %) of the meltwater filtered
through the soil, whereas in unsorted soils the
infiitration was 17—64 % (mean 39 %). The
proportion of infiitration of the total annual
precipitation was in sorted soils 35—88 %
(mean 61 %) and in unsorted soils 25—46 %
(mean 39 %).
The contribution of meltwater to the total
annual groundwater reserve was found to be
considerably small. In sorted soils the infiltra
tion of me!twater was only 13—44 % (mean 28
%) of the total annual infiitration. In unsorted
soils the corresponding figure was 16—36 %
(mean 27 %).
6. The tempora! distribution of infiltration and
the duration of infiltration varied between
different years. Summer rainfall may have a
great effect on total infiltration. The amount
of rainfail in itse!f is not sufficient to explain
the infiltration, but the temporal distribution
of precipitation is also important. Changes in
soil moisture regulate the relationship between
precipitation and the formation of ground
water. Changes in the soil water reserve may
vary according to the soil type and the depth
of the unsaturated zone. Thus in certain cases
even heavy rainfail may be totally absorbed
into the soil water zone, from where it may be
evaporated without any contact with the
groundwater.
7. Snow meltwater is the primary agent of
weathering and also of transport of the
weathering products. When meltwater pen
etrates the soi! profile and reaches the
groundwater surface its acidity usua!ly has
decreased, due to buffering processes in the
soil. The hydrogen ions are consumed in the
infiltration water by the exchange base cations
from the soil surfaces and by slow weathering
reactions. The partial leaching of cations and
their exchange with hydrogen is one of the
main reasons why the pH of the lysimeter
water and of the groundwater is in average 1.7
to 2.2 units higher than that of the snow
meltwater. The pH median of infikration
water was 6.8 and the mean electrical conduc
tivity was 8.6 mS m1. The fo!lowing mean
concentrations were obtained for materials in
infiltration water: S04 12 mg 11, Cl 1.0 mg
11, Na 1.5 mg 11, K 1.1 mg 11,- Ca 5.5 mg
l, Mg 1.3 mg 1—1, N0 520 g !, P0 4.5 ig
11, Cu 13 jg l, Mn 132 g !‘, Pb 5 g 11
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and Al 92 tg 1—1.
8. By comparing the correlation coefficients
between the substance concentrations in the
meitwater and in the infiitration water, a
rough estimate was obtained of the anthropo
genic or geological cause-effect relationships of
the different material balances. According to
the correlations compared, the soi1 type has a
clear effect on the relative ionic concentrations
of suifate, calcium and aluminium. Atmos
pheric effects on the material balances of
infiitration water were clearly observable in the
case of chloride and sodium.
9. Dissolution of materiais from soi1 minerais
into the soil water was found to be rather
slight during the snowmelt period. The
material concentrations in the infiitration
water usually decreased with decreasing infil
tration rate and correspondingly increasing
solubility time. When the amount of infiitra
tion was very small during the summer season
the concentrations of different elements often
increased due to the correspondingly long
period of contact between the mineral soi! and
the soi! water.
10. The concentrations of suifate, copper and iead
were greater in coarse and sorted soils than in
unsorted soi! types. These materiais are ali
mainly of atmospheric origin. The concentra
tions of the typica! products of weathering,
namely calcium, potassium, magnesium, 50-
dium and a!uminium, were clearly greater in
unsorted than in sorted soiis.
11. The median of groundwater pH was 6.3 and
the mean electrical conductivity was 6.0 mS
m1. The fo!lowing mean concentrations were
obtained for materiais in groundwater: S04 6.1
mg 1—’, Cl 2.1 mg !—, Na 2.7 mg !‘, K 1.2 mg
11, Ca 4.5 mg 11, Mg 1.4 mg 11, N03—N
190 pg 11, NH4—N 33 pg 11, P04—P 15 ug
11, Cu 7.5 pg 11, Mn 67 pg 11, Pb 4 pg 11,
Zn 13 pg 11, Al 215 pg —1 and F 160 pg 11.
12. The correlations between e!emental concentra
tions in shallow groundwater did not change
significantly from those in the infi!tration
water, because the ba!ance of elements in
groundwater is !argely determined during
percolation. Correlations between metal con
centrations varied considerably according to
regional factors depending on the conditions
of groundwater formation, deposition of
metais from the air and the regional mineralogy
ofbedrock.
13. Cyclic changes in groundwater quality can be
observed most ciear!y and most rapidly in sha!
!ow aquifers, in which concentration changes
are often associated with the processes pro
ducing groundwater. In deep aquifers qua!ity
changes are usually siower and iess extensive
than in sha!low aquifers. Stratification, mixing
and time lag between recharge and discharge
have the greatest effect on the cyclic variation
of groundwater qua!ity.
14. The influence of atmospheric impurities on
groundwater quality was greatest in regions
with coarse-grained soi1. The greater the
retention time of the groundwater in the soil
and bedrock, the greater was the effect of
aikaline components on the pH balance of the
water, even in regions with acidic bedrock
types.
15. Statistically significant differences in ground
water substance concentrations were recorded
between the different bedrock groups. Con
centrations were lower in areas with acidic,
weathering-resistant rocks than in other areas.
In regions with basic rock types the e!emental
concentrations of the groundwater were in
most cases at a higher leve!.
16. The formation of groundwater in Fin!and
varies considerably as a resu!t of climatic
factors. Seasonal variations of groundwater
level depend on the rate of perco!ation to the
aquifers. As the availability of percolation
water is largely controlled by rainfa!l and
evapotranspiration, seasonal patterns of change
exist. In Finland the seasonal patterns of
groundwater !evel can be ciassified into four
main regime types corresponding to different
c!imatologica! conditions.
17. The recharge due to snowme!t is of greatest
significance in northern and centra! parts of
Finland (Regimes 1 and II), where the main
recharge event occurs as a resuit of the
snowmelt in spring. The reserves of ground
water emptied at the greatest rate during
March in the southern area of the country
(Regime IV), where recharging was sti!1 taking
place during January and February. A pattern
of type III indicates a secondary decrease in
groundwater leve! in the winter and is most
frequently observed in south-western Finland
and in coastal regions in the south and West
of the country.
18. The relative proportions of material concen
trations in groundwater were examined in
detail in coarse-grained, fine-grained and till
soi1 types using triangle diagrams. The ionic
sums of cations and anions increased with
increase in the fine-grained nature of the soil.
The relationships between individual ions did
not however differ radically in the different
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soil types.
19. Groundwater in Finland is naturally rather
acidic and its buffer capacity is low because the
bedrock is composed mainly of acid crystalline
rocks. Shallow lying groundwater is therefore
particularly sensitive to the effects of acidifi
cation. To date, pH changes have not been
observed to any great extent in Finnish
groundwater. However, the results of this
study show that concentrations of calcium,
suifate and aluminium have increased as a
resuit of the acidification process over a rather
short period of observation, which will be a
cause for considerable concern in the very near
future.
Continuos monitoring and long observation
series are essential for the estimation and prediction
of the slow changes taking place in the environ
ment. The groundwater stations of the National
Board of Waters are background stations situated
in nearly natural areas. In addition to regular
monitoring, integrated basic research has also been
conducted on the basis of data obtained from these
stations. The aim of this research, in addition to
environmental monitoring, has been to assist in the
development of groundwater acquisition. In the
following a summary is presented of future
research needs and practical possibilities for
utilization brought to light in the present
investigation:
A) Snow investigations should be utilized to a
greater extent in air protection activities. The
advantages of such investigations in the
estimation of deposition include:
— ease of arrangement of regional representativity
— possibility of choosing from a wide range of
different materiais
— low leveis of contamination during the winter
season
— low costs and rapidity, because the method is
based on “in situ” and does not involve its own
specific equipment costs.
B) Investigations of infiitration play a central role
in the estimation of changes in groundwater
quality. In studies of the effects of meltwater
and rainwater on the mobilization of materials
in the soil, more attention should be paid to the
roles of the organic surface layer and of the
different soil horizons in the leaching and
retainment of materials. In particular, investi
gation should be made of the transport of base
cations, heavy metais and aluminium. Further
more, the experiments and observations should
be made in undisturbed in situ conditions,
using for example infiltration bowls made of
plexiglass.
C) The formation of groundwater in till soils
should be examined in more detail. According
to the results of this investigation on an average
39 % of the precipitation takes part in the for
mation of groundwater in unsorted soil types.
The tills of the coastal areas constitute con
siderable groundwater reserves, which should
be utilized more extensively, particularly in
sparsely populated areas.
Changes in the metal concentrations of ground
water are usually rather slight and are in most
cases associated with events taking place during
the spring thaw. Even small concentration
changes in groundwater before and after
snowmelt may provide indications of mineral
ore deposits situated in the groundwater
recharge area.
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LOPPUTIIVISTELMÄ
Pohjaveden käyttö on viime vuosikymmenien aika
na jatkuvasti lisääntynyt yhdyskuntien ja haja-asu
tusalueiden vedenhankinnassa. Vaikka pohjavesi on
uusiutuva luonnonvara, sen laatu ja määrä häiriytyy
helposti ympäristössä tapahtuvien muutosten vai
kutuksesta.
Tämä tutkimus tarkastelee pohjaveden tämän
hetkistä tilaa Suomessa luonnontilaisilla pohjave
den muodostumisalueilla sekä arvioi pohjaveden
määrän ja laadun vaihteluihin vaikuttavia syitä eri
tyisesti lumen ja roudan kevätsulamisen yhteydes
sa.
1. Tutkimusaineisto kerättiin pääosin vesihalli
tuksen pohjavesiasemilta vuosina 1976—1981.
Aineistoa on osittain täydennetty vuosien
1982, 1983 ja 1984 havainnoilla.
2. Noin 15—40 % Suomen alueen vuosisadannas
ta tulee lumena. Lumipeitteeseen sitoutunut
vesimäärä ja siihen kuiva- ja märkälaskeumina
kerääntyneet aineet vapautuvat kevätsulamisen
jälkeen geohydrologiseen kiertoon. Lumessa
esiintyvät aineet kuvastavat ilman kautta maa-
veden ja pohjaveden laatuun vaikuttavaa kuor
mitusta.
3. Ajanjakson 1976—1981 lumen sulamisveden
pH:n mediaani oli 4,6 ja keskimääräinen säh
könjohtavuus 2,2 mS m1. Keskimääräiset ai
ne pitoisuudet olivat S04 2,2 mg 1, Cl 0,8
rng 1—’, Na 0,3 mg 11, K 0,2 mg 1, Ca 0,4
mg l1, Mg 0,1 mg l—, kok. N 736 pg 1—1,
kok. P 18 pg V1, Cu 6 pg 11, Mn 24 pg l—,
Pb8pglIjaZn 15pgl.
4. Lumipeite toimii iuontaisena laskeuma-alusta
na, johon ilman epäpuhtaudet kerrostuvat.
Lumen ainepitoisuuden, vesiarvon ja laskeu
ma-aikatietojen avulla arvioitiin ainekohtaista
laskeumaa. Eri aineiile saatiin seuraavat keski
määräiset kuukausilaskeumat (mg m2): kok. P
0,5, S04 59, Cl 21, Na 8, K 6, Ca 11, Mg 4,
kok. N 20, Cu 0,2, Mn 0,7, Pb 0,2 ja Zn 0,4.
5. Sulamisvedestä ja vuosisadannasta lysimetrias
tioihin imeytyvä vesimäärä vaihteli paljon eri
vuosina myös samalla maalajialueella. Lajittu
neissa maalajeissa sulamisvedestä imeytyi 23—
71 i (keskimäärin 41 %) ja lajittumattomissa
maalajeissa 17—64 % (keskimäärin 39 %). Ko
ko vuoden sadannasta imeytyi lajittuneissa
maalajeissa 35—88 % (keskimäärin 61 %) ja ja
jittumattomissa maalajeissa 25—46 % (keski
määrin 38 %). Sulamisveden osuus koko vuo
den pohjaveden muodostumisesta oli hiekka
ja soramaalajeissa 13—44 % (keskimäärin 28
%) ja siltti- ja moreenimaalajeissa 16—36 %
(keskimäärin 27 %).
6. Kesäsateilla saattaa olla suuri merkitys koko
naisimeyntään ja myös pohjaveden muodostu
miseen. Sateen määrä ei yksin selitä imeyntää,
vaan sitä merkitsevämpää on sateen ajallinen
jakautuminen. Maankosteus säätelee ratkaise
vasti sadannan ja pohjaveden muodostumisen
välistä yhteyttä. Maan kosteusvajauksen ollessa
suuri runsaatkin sateet voivat imeytyä maave
sivyöhykkeeseen ja haihtua pois joutumatta
lainkaan pohjaveteen.
7. Hapan sulamisvesi (pH 4,6) nopeuttaa maape
rän rapautumista ja myös kuljettaa rapautu
mistuotteita (esim. Ca, Mg, Na ja Al) pohjave
teen. Lumen sulamisesta muodostuneen vajo
veden vetyionikonsentraatio lisääntyi keski
määrin 2,2 pH-yksikköä ja pohjaveden 1,7 pH
yksikköä sulamisveteen verrattuna. Lysimetri
kokeiden mukaan maaveden pH:n mediaani oli
6,8 ja keskimääräinen sähkönjohtavuus 8,6 mS
m . Keskimääräiset ainepitoisuudet olivat:
S04 12 mg l1, CI 1,0 mg 11, Na 1,5 mg 1—1,
K 1,1 mg 11, Ca 5,5 mg 11, Mg 1,3 mg
kok. N 520 g 11, kok. P 5 g l, Cu 13 ug
l—, Mn 132 pg 1’, Pb 5 pg 1—ija Al 92 pg 1—1.
8. Maaveden ja pohjaveden alkali- ja maa-alkali
metallipitoisuudet sekä alumiinipitoisuus li
sääntyivät selvästi suotautumisen aikana. Ii
maperäinen laskeuma vaikutti taas selvästi
maaveden natrium-, kloridi- sekä eräiden ras
kasmetallien pitoisuuteen.
9. Aineiden mobilisaatio maaperästä on kaksivai
heinen. Lysimetrikoesarjat osoittivat, että ke
väällä sulamisen yhteydessä huuhtoutuu enim
mäkseen talven aikana muodostuneita rapau
tumistuotteita ja kesällä ja syksyllä taas liuke
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nemalla vapautuneita aineita.
10. Maaveden suifaatti-, kupari- ja lyijypitoisuudet
olivat ainetasevertailujen mukaan suurelta osal
ta laskeumaperäisiä ja kyseiset pitoisuudet oli
vat yleensä suurimpia karkearakeisissa maala
jeissa. Selvästi geologista alkuperää olivat taas
maaveden kalsium, magnesium, natrium, ka
hum ja alumiini, joiden pitoisuudet yleensä li
sääntyivät maalajitteiden hienorakeisuuden li
sääntyessä.
11. Pohjavesiasemilla pohjaveden pH:n mediaani
oli 6,3 ja keskimääräinen sähkönjohtavuus 6,0
mS m1. Keskimääräiset ainepitoisuudet oli
vat: S04 6,1 mg 1, Cl 2,1 mg 11, Na 2,7 mg
1’, K 1,2 mg 1, Ca 4,5 mg l—, Mg 1,4 mg
I1, N03—N 190 pg 1, NH4—N 33 pg 1—1,
P04—P 15 pg 1, Cu 8 pg 1, Mn 67 pg 1—1,
Pb 4 pg 11, Zn 13 pg hl, Al 215 pg 1 ja F
160 pg 1—1.
12. Veden suotauduttua maakerrosten läpi ja
muututtua pohjavedeksi sen ainepitoisuudet
yleensä j onkinverran pienenivät, poikkeuksena
Cl, Na ja Al, joiden pitoisuudet suurenivat.
Eri metallipitoisuuksien väliset korrelaatiot
vaihtelivat alueellisesti riippuen mm. maa- ja
kallioperästä, pohjaveden muodostumisolosuh
teista sekä ilmaperäisestä laskeumasta.
13. Pohjaveden laadun aikavaihtelut liittyvät mää
rätyllä aikaviiveehlä pohjavesivaraston täyden
tymiseen tai tyhjentymiseen. Syvissä akvife
reissa pohjaveden laadun muutokset ovat hitai
ta ja suhteellisesti vähäisempiä kuin matalissa
akvifereissa.
14. Pohjaveden määrän ja laadun vaihteluiden välil
lä vallitsee usein aikaero, mikä eri akvifereissa
vaihtelee eri vuosina valhitsevien ilmasto-olo
suhteiden mukaan. Pohjaveden kerroksellisuus,
sekoittuminen ja purkautuminen vaikuttavat
eniten pohjaveden laadun vaihteluihin.
15. Pohjaveden ainekonsentraatio oli yleensä pie
nin happamien ja parhaiten rapautumista kes
tävien kivilajien alueilla ja suurin emäksisten
kivilajien alueilla.
16. Pohjaveden pinnan vuosivaihteluiden mukaan
Suomi voidaan jakaa alueellisesti neljään regii
mun, joissa pohjaveden muodostumis- ja pur
kautumissuhteet selvästi poikkeavat toisistaan.
17. Sulamisveden vaikutus pohjaveden muodos
tumiseen oli suhteellisesti suurin Pohjois- ja
Keski-Suomessa (regiimit 1 ja II). Eteläisillä
alueilla (regiimit III ja IV) syys-sateet taas vai
kuttivat eniten koko vuoden pohjaveden muo
dosturniseen. Ahvenanmaan (regiimi IV)ilmas
to-olot ovat muuhun Suomeen nähden poik
keavat, mikä ilmenee myös erilaisena pohjave
den muodostumiskuviona.
18. Kationien ja anionien ekvivalenttipitoisuuksien
ionisummat olivat siltti- ja moreenimaalajien
pohjavedessä suuremmat kuin hiekka- ja sora
maalajien pohjavedessä. Eri ionien suhteelliset
osuudet olivat melko samat sulamisvedessä,
maavedessä sekä eri maalajien pohjavedessä.
19. Lähellä maanpintaa esiintyvät pohjavedet ovat
Suomessa usein luonnostaan happamia (pH
mediaani 6,3) ja niiden puskurikyky on alhai
nen, jolloin pohjavetemme ovat myös herkkiä
happamoitumisen vaikutuksille. Tarkastelta
valla ajanjaksolla ei vielä havaittu pohjavedessä
pH-muutoksia. Sen sijaan kalsium-, suifaatti-ja
alumiinipitoisuudet olivat selvästi lisääntyneet
jo lyhyelläkin aikavälillä. Tämä saattaa enna
koida tulevaisuudessa myös pohjaveden pH:n
alenemista, viimeistään silloin, kun maaperästä
liuenneet emäskationit eivät enää riitä korvaa
maan happamien sulamisvesien ja sadevesien
mukana huuhtoutuvia vetyioneja.
LIST OF SYMBOLS
Ac = acidification
Alk = alkalinity, mniol V
Alk0 = original alkalinity
Alk present alkalinity
a = empirical coefficient
c cultivated land
C = snowbulk concentration, pg 1, mg
Da = annual deposition, mg m2
Dm = monthly deposition, mg m2
= time of deposition; time difference (in
days) between the date of sampling
and the date of formation of perma
nent snow cover
d = groundwater depietion curve
d depletion speed of groundwater level,
cm monthl
f = forest
FC field capacity
GW = groundwater
GWr corrected groundwater rise
HWg = maximum groundwater level
IW = infiltration water
= total annual infiitration, mm
infiltration rate, mm d1
Kd = saturated hydraulic conductivity
Ke = enrichment factor
= the mobility coefficient of an element x
in soil water
= annual mean groundwater level
= median
= maximum
= minimum
= minimum groundwater level
number of analysis, observations etc.
= peat land
= total annual precipitation (uncor
rected), mm
= porosity of the snow pack
= response time between the maximum
groundwater level and the beginning of
the positive daily air temperatures, in
days
r1 = correlation coefficient of snow para
meters
r2 correlation coefficient of infiitration
water parameters
r3 correlation coefficient of groundwater
parameters
= standard deviation
= standard error of the mean
= coefficient of variation
= saturation deficit
saturation deficit index
= snow meltwater
= spring
temperature; mean annual air tempera
ture
= groundwater observation tube
= vertical flux of water
water equivalent of snow, mm
= maximum water equivalent of snow,
mm
groundwater level
= observation well
= arithmetic mean
= effectice water content
= unit step function
= liquid content of the snow
= the irreducible liquid content
Y25 electrical conductivity, mS m1 in 25°
X = coefficient of relative groundwater level
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